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foreword 





Reactor Core Materials, one of a series of four quarterly reviews broadly covering the 
field of nuclear science and technology, is prepared by Battelle personnel from world- 
wide literature and covers materials and fabrication processes applicable to a nuclear re- 
actor core. The coverage of this subject, however, is limited to materials that are solid 
at reactor operating temperatures. Pure chemistry, physics, core instrumentation, fuel 
processing, and source materials are not covered by this Review. 

The authors and editors of Reactor Core Materials attempt to incorporate new devel- 
opments and significant findings. This Review can serve as a useful summary of current 
research for both management and the technical specialist. For the latter group of read- 
ers, it is intended that the extensive referencing will aid in locating sources of more de- 
tailed information. 


R. W. DAYTON 

E. M. SIMONS 

R. W. ENDEBROCK 
Battelle Memorial Institute 
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Unalloyed Uranium 


Papers presented and discussed at the X-Ray 
Preferred Orientation Meeting at Argonne Na- 
tional Laboratory (ANL) have been compiled.! 
These cover various facets of the physical met- 
allurgy of uranium, such as preferred orienta- 
tion in recrystallized material, diffraction 
intensities, and uranium-atom position as a 
function of temperature. Included are presenta- 
tions on methods for, and results of, growth- 
index calculations and predictions. 


British investigators? have shown that, con- 
trary to previous evidence, the rates of aniso- 
tropic growth in single crystals and polycrys- 
talline alpha uranium are found to be identical 
and are much higher for irradiations at — 196°C 
than at + 75°C. Values are G = 11,500 at —196°C 
and G= 1200 at +75°C, where G is the frac- 
tional extension divided by the fraction of all 
atoms fissioned. This rate is not affected by 
plastic deformation prior to irradiation. Possi- 
ble explanations for this behavior are discussed 
in the article entitled “Radiation Effects in 
Nonfuel Materials,” page 36 of this issue, in 
connection with anisotropic-growth observations 
inother metals. Along these lines a paper deal- 
ing with the growth of alpha uranium as the re- 
sult of correlative collisions has been published 
inGerman and translated into English.° 


At Hanford‘ the mechanisms and kinetics of 
wanium corrosion and fuel-element ruptures 
were investigated in water and steam at 170 to 
00°C and at pressures from 100 to 2800 psig. 
The fuel-element samples, coextruded Zircaloy- 
‘lad uranium-core rods and tubes, were de- 
lected prior to exposure. Uranium corrosion 
Was found to be the sum of two processes: di- 
tect oxi ation by water and oxidation of uranium 
ydride intermediate. Fuel-element ruptures 
‘eur in two stages: an initial induction period 
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is followed by accelerated corrosion ofthe core, 
causing the cladding to blister, swell, and frac- 
ture. Uranium corrosion and fuel-element rup- 
tures were examined with respect to tempera- 
ture, pressure, heat-treatment, carbon content 
of uranium, zirconium content of uranium, clad- 
ding thickness, fuel geometry, angular spacings, 
defect geometry and size, coolant flow, hydrid- 
ing of Zircaloy components, and exposures to 
steam, water, and irradiation. 


The defect-test behavior of unirradiated co- 
extruded Zircaloy-2-clad uranium fuel as in- 
fluenced by cladding thickness was also stud- 
ied.’ In the range of 0.010 to 0.030 in., the 
cladding thickness has little influence on the 
over-all defect-test behavior. There is a vague 
relation between cladding thickness and defect 
incubation period in that one increases with the 
other. There is a similar relation between clad- 
ding thickness and initial corrosion rate. The 
size of the initial blister developed at the site 
of the defect is proportional to the cladding 
thickness. The size of the blister requiz. .o 
rupture the cladding largely governs the incu- 
bation period and the initial fuel corrosion rate. 
Dimensional distortion of the fuel produced 
by cladding blistering increases with cladding 
thickness. Factors other than the failure be- 
havior must be considered when selecting the 
proper cladding thickness for fuel elements. 
Some of these considerations are the feasibility 
of fabrication and closure, the maintenance of 
fuel-element dimensions by cladding restraint 
of the fuel material, and the avoidance of fuel- 
element failure resulting from plastic instability 
at thin or nonuniform sections. 


Experiments at Atomics International® have 
shown that the corrosion of uranium by Santo- 
wax R at 350°F can be slowed down by having a 
CO, atmosphere above the bath. However, me- 


1 








chanical mixing of the bath is necessary for the 
atmosphere to be effective. 

The occurrence, extraction, and preparation 
of uranium are reviewed in a recently published 
book.’ Physical and mechanical properties are 
treated in detail. The topics of fabrication, 
compatibility, and irradiation resistance are 
also covered. A bibliography of corrosion and 
oxidation of uranium covering literature pub- 
lished from 1948 to 1960 has been compiled by 
the Israel Atomic Energy Commission.® 

(M. S. Farkas) 


Alpha-Phase Uranium Alloys 


The constitution of uranium-molybdenum- 
niobium alloys has been investigated’ at 1100, 
1269, and 1300°C. The results are presented in 
Figs. I-1 to I-3.* (M. S. Farkas) 





Gamma-Phase Uranium Alloys 


Uranium-Molybdenum 


The potential feasibility of casting high- 
quality 36-in.-long plates of the uranium—10 
wt.% molybdenum alloy is reported by Atomics 
International.’ Two heats were cast into plates 
Y, in, thick and 36 in. long. Some metal was 
lost by leakage from the first casting, but the 
second casting yielded plates with no shrinkage 
and only slight surface porosity. Radiographs of 
the castings are being obtained. 

A French paper" contains the results of a 
study of the effect of annealing at low tempera- 
tures on the fracture behavior of a gamma- 
quenched uranium—6.3 wt.% molybdenum alloy. 
At low temperatures, pearlitic type transfor- 
mation products are not observed, but, rather, 
submicroscopic uranium particles precipitate. 
Fracture occurs by cleavage in the presence of 
this precipitate. After coalescence of the pre- 
cipitate, fracture occurs intergranularly. 


Yranium-Niobium 


The uranium-niobium tetragonal gamma- 
prime phase reported by American investiga- 
tors was studied by the British."* X-ray dif- 





*Figures I-1 to 1-3 are reprinted here by permis- 
sion from the United Kingdom Atomic Energy Au- 
thority.” 


REACTOR CORE MATERIALS 















U 20 40 60 80 Mo 
MOLYBDENUM, AT. % 





Fig. I-1 Isothermal section of the uranium-molyb- 
denum-niobium system’ at 1100°C. @, single body- 
centered cubic phase. x, two body-centered cubic 
phases. 
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Fig. I-2 Isothermal section of the uranium-molyb- 
denum-niobium system’ at 1200°C. @, single body- 
centered cubic phase. x, two body-centered cubic 
phases. A, two body-centered cubic phases plus liquid. 
V, single body-centered cubic phase plus liquid. 
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Fig. I-3 Isothermal section of the uranium-molyb- 
denum-niobium system’ at 1300°C. @, single body- 
centered cubic phase. x, two body-centered cubic 
phases. A, two body-centered cubic phases p! is liquid 
¥, single body-centered cubic phase plus liq id. 
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fractometer results indicate that the phase is 
metastable and forms on quenching from the 
gamma field. On the basis of cursory examina- 
tion of diffraction patterns, the structure was 
found to form infrequently, suggesting that criti- 
cal cooling rates are required for formation. 

(A. A. Bauer) 
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Aluminum-Uranium Alloys 





The use of aluminum-uranium alloys by Chalk 
River as stand-ins for aluminum-plutonium al- 
loys provides an additional source of valuable 
data for the system. The sensitivity of the al- 
loys to freezing rate was confirmed,’ as well 
as the fact that malleability is closely associ- 
ated with uranium content (i. e., the higher the 
uranium content the lower the workability of the 
alloy). In addition, the data show that anomalous 
work-hardening properties exist in the hyper- 
eutectic alloys. Initially, cold work causes 
hardening, but additional work causes softening. 
This is not anatural characteristic of aluminum. 

It is postulated that this anomaly is connected 
in some way with the intermetallic phase. The 
simplest explanation would be direct breakup of 
the intermetallics. Although this may be con- 
tributory, there is doubt that it is the principal 
reason for softening. More than likely, softening 
occurs as the result of a recovery process in 
the aluminum matrix. The hard compound could 
cause localized deformation of the aluminum, 
which would initiate recovery. Support for this 
reasoning is offered by the turbulent flow pat- 
tern of the matrix caused by working which pro- 
vides great deformation that may be sufficient 
to promote local recovery. 

Castleman“ studied inte rdiffusion of the 
aluminum—uranium alloy system over the 400 
to 600°C temperature range at pressures rang- 
ing from 1/4 to 10 tsi. He reports that pres- 
sure increases the thickness of the UAI, layer 
formed. Other data that he obtained led him to 
the general conclusion that the growth of UAI, 
and UAl, phases, in incremental couples, is 
much slower than the growth of UAI,. 

Castleman proposes that the effect of pres- 
sure on UAIl,-layer growth is primarily me- 
chanical, in that higher pressures repress the 
tendency for macroscopic voids to form, thus 


increasing the cross-sectional area available 
or inte diffusion. 
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General Atomic’® reports recent results of 
studies on the ternary uranium-aluminum- 
oxygen system. A simple diagram exists. There 
were no phases observed which did not occur in 
the three related boundaries, and there was no 
evidence of solid solution between Al,O, and the 
uranium oxides. 


Uranium Alloy as Cladding 


Darwin and Worley of Great Britain“ have re- 
cently issued a patent on improving the strength 
of uranium fuel rods by using uranium alloy 
cladding. The application is stated to be “as 
cladding for gas-cooled graphite- moderated re- 
actors.’’ Alloys of the following compositions 
are listed: uranium—5 to 7 wt.% molybdenum, 
uranium—6 to 10 wt.% niobium, uranium with 
up to 30 wt.% zirconium, uranium with up to 4.8 
wt.% carbon, and ternary alloys of uranium- 
niobium-zirconium and uranium-niobium-mo- 
lybdenum, Although such cladding would prob- 
ably provide for increased reactivity, it would 
be a source of a high-level fission-product re- 
lease. In addition, there would be some doubt 
as to the corrosion resistance of the material 
to the coolant gas. (R. F. Dickerson) 


Plutonium 


The viscosity of molten plutonium has been 
determined at Mound Laboratory" at tempera- 
tures from 648 to 950°C. Results are plotted in 
Fig. I-4. 

Two plutonium—1 wt.% aluminum alloy rods 
have been irradiated by Argonne’® to estimated 
burnups of 0.1 at.% at central fuel tempera- 
tures near 385°C. The 8.5-in.-long, 0.200-in.- 
diameter rods were NaK-bonded to Zircaloy-2 
tubes. On examination, one rod was found to 
have shortened 0.001 in. and the other, 0.004 in. 
No measurable changes in diameter occurred. 
One rod was bowed 0.018 in. over its length. 

A homogenizing heat-treatment at 450 to 
500°C was found to improve the load capacity 
of a plutonium—1.25 wt.% aluminum alloy.'® No 
decrease in length was noted for homogenized 
alloys supporting static loads to 7.2 and 20.3 
psi at temperatures up to 475°C. Similarly 
loaded as-cast specimens were found to exhibit 
decreases in length at temperatures as low as 
400°C. 

The results of an investigation to deter- 
mine compatibility of the uranium—20 wt.% 
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Los Alamos”! reports that a 5 at.% silicon 
addition to molten plutonium-iron alloy fue] js 
more effective than carbon additions for re- 
ducing the corrosion of tantalum container cap- 
sules. Plutonium-cerium-cobalt, copper, man- 
ganese, and nickel alloys are being investigated 
for use as dilute molten fuels. Preliminary 
results indicate that nickel and cobalt addi- 
tions reduce the rate of attack on standard 
tantalum capsule material as compared with 
the plutonium-iron alloy. (V. W. Storhok) 
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VISCOSITY, CENTIPOISE 


Thorium 


The constitution of the thorium alloy systems 
with the platinum metals is being studied by 
Thomson.” Initial investigations of the thorium- 
20 rich end of these systems have disclosed hex- 

110 6105-100, 095 =—O80 O85 (O80 agonal compounds of the Th,Fe, type in five of 

eee six systems. A eutectic exists between the first 
compound and thorium in each ofthese systems, 


as follows: 


























Fig. I-4 Viscosity of plutonium as a function of ab- 


solute temperature.'" Eutectic 


composition, 
Eutectic at.% alloy Eutectic 
phases element temp., °C 


plutonium—10 wt.% fissium alloy with potential 
jacket materials have been reported.”° Diffu- 
sion penetration data, summarized in Table I-1, Th + ThyRus 16 1260 
indicate that, of the materials tested, only the Th + ThyRhs 20 1240 


stainless steels are useless as jacket materials ce + Saee - spot 
Th + Th7Os, 14 1290 


for the alloy at reactor operating temperatures. Th + Thr, 15 1300 

The niobium—5.3 wt.% vanadium alloy, zirco- Th + Th,Pt, 175 1240 
nium, and Zircaloy-2 show enough penetration 

to make their use questionable, whereas the Oak Ridge has surveyed a series of thorium 
other materials all appear to be adequate. alloys for hot-hardness and recrystallization 


Table I-1 DIFFUSION PENETRATION OF POTENTIAL CLADDING MATERIALS 
BY URANIUM-—20 WT.% PLUTONIUM—10 WT.% FISSIUM” 





Time, days 





U-—20 wt.% 
Pu—10 wt.% Fs 
vs. lmil 9mils 1 mil 9 mils 1lmil 9 mils lmil 9 mils 


800°C 700°C 600°C 550°C 














Titanium 1.9 151 25.8 >1000 612 >1000 

Molybdenum 3.1 251 21.6 >1000 52.2 >1000 

Vanadium 1.3 96.7 17.6 >1000 56.5 >1000 

Tantalum <1 30.8 T tT tT T 

Niobium <1 44.1 4.4 360 136 >1000 

Yttrium <1 60.5 6.0 484 31.0 >1000 

Zircaloy-2 <1 10.1 14.2 >1000 19.8 >1000 

Zirconium <1 4.9 6.8 555 14.3 >1000 

Nb—5.3 wt.% V <1 3.0 <1 72.5 15.8 >1000 

Type 430 S.S. * * * * * * 10.0 806 
Type 347 S.S. * * * a * * 9.2 748 





*Molten. 
tNo detectable penetration. 
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characteristics.” At 600°C a thorium—4 wt.% 
indium alloy was four times harder than tho- 
rium and a thorium—5 wt.% zirconium alloy was 
three times harder than thorium. Softening dur- 
ing recrystallization occurs at about 600°C in 
thorium-indium alloys and at about 530°C in 
thorium-zirconium alloys. 

A study of the effect of hydrogen upon the 
ductility of thorium has been completed by 
Peterson.“* Less than 100 ppm hydrogen did not 
significantly affect the ductility of calcium- 
reduced thorium in tensile or impact tests at 
room temperature. Larger amounts of hydrogen 
did decrease ductility. 

The properties of compounds of thorium are 
being investigated at Battelle.”»?® The room- 
temperature hardness of a number of compounds 
is given in the following tabulation: 


















Hardness, Hardness, 
Compound DPH Compound DPH 
Th,Al 360 (ThgU),Al 330 
ThB, 960 (ThgU)B, 1150 
ThBe43 690 (ThgU) Bey 710 
ThSi 430 






After exposure to NaK containing traces of oxy- 
gen for one month at 1200°F, the ThBe,,; com- 
pound showed a weight loss of 0.0013 mg/(cm?) 
(day). The other thorium compounds showed 
greater weight changes, either gains or losses, 
up to 0.045 mg/(cm?)(day). 

Argonne”® irradiated forty-four cast speci- 
mens of various thorium-uranium alloys. All 
alloys contained 10 wt.% U?*® except the 28 wt.% 
uranium alloy, which contained 26 wt.% u**. 
The irradiation conditions and results are 
given in Table I-2. In addition, cast specimens 














Table I-2 IRRADIATION OF THORIUM-URANIUM 
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ALLoys” 
Volume 
Alloy Esti- Esti- change, 
composition mated mated % per 
(balance Th), burnup,  temp., at.% 
wi at.% °C burnup Appearance 
10 2.8 680 2.8 Excellent 
15 2.9 680 4.0 Excellent 
20 2.9 680 4.7 Excellent 
25 2.8 670 6.8 Roughened, 
slightly 
warped 
28 4.5 820 19.3 Roughened, 
distorted 








of a thorium—5 wt.% plutonium alloy and of a 
thorium—10 wt.% plutonium alloy were irradi- 
ated at 450°C to burnups of 1.4 and 2.3 at.%, 
respectively. The dimensional and surface sta- 
bilities of these specimens were excellent and 
were comparable to the stabilities of thorium- 
uranium alloys. Higher temperature irradia- 
tions of thorium-plutonium alloys are planned. 

(W. Chubb) 


Dispersion Fuels 


A report from Oak Ridge*’ describes the de- 
velopment of a dispersion fuel for the Enrico 
Fermi fast-breeder reactor. The element de- 
veloped consists of 35 wt.% spherical UO, dis- 
persed in a type 347B stainless-steel core and 
clad with type 347 stainless steel. Methods for 
achieving a uniform distribution of spherical 
UO, in the matrix powder are described. The 
degree of UO, fragmentation and stringering 
was found to be mainly a function of the degree 
of cold work and the quality of the UO, powder. 

Two reports from Battelle”’*® deal with the 
development of a dispersion fuel element for a 
proposed SM-2 reactor. An improved fuel plate 
containing 26 wt.% UO, dispersed with ZrB, in 
a low cobalt, low tantalum, type 347 stainless- 
steel matrix was developed as a reference de- 
sign for the SM-2 reactor.”® Design conditions 
include a maximum centerline temperature of 
684°F, an average heat flux of 1.65 x 10° Btu/ 
(hr)(sq ft), and an average U**® burnup of 39 per 
cent. 


The improvement achieved over previously 
used UO,-—stainless steel dispersions may be 
attributed principally to the use of spherical 
UO, and the use of ZrB, as a burnable poison. 
The spherical UO, produces stronger cores with 
a more uniform dispersion and less stringering 
and fracturing of the UO, particles than does 
hydrothermal UO,. The use of ZrB,, combined 
with vacuum sintering at 2150°F and controlled 
hot rolling at 2200°F to about an 8-to-1 reduc- 
tion in evacuated picture-frame packs, has al- 
lowed the control of boron content to within +5 
per cent, 

Irradiation and examination have been com- 
pleted on four capsules of specimens prepared 
in the SM-2 Core Materials Development Pro- 
gram.?*> Each capsule contained five to eight 
flat-plate dispersion specimens roll clad with 
type 347 stainless steel. Six capsules containing 







36 specimens are still under irradiation in the 
Engineering Test Reactor (ETR). Variables 
being studied include use of (1) fuel concentra- 
tions of nominal 26 and 40 wt.% UO, and 34 
wt.% UN, (2) hydrothermal UO,, spherical UO,, 
and UN fuels, (3) B,C, NbB,, and ZrB, disper- 
sion poisons and no poison loading, (4) a half 
loading of reference ZrB, dispersion poison, 
(5) a boron—10 wt.% stainless-steel picture 
frame, and (6) sintering or greenpressing alone 
for core preparation. 


The specimens in the first four capsules un- 
derwent burnups of 20 to 40 at.% of the U? at 
surface temperatures near 700°F. It was found 
that the burnable poisons, both dispersed in the 
fuel and alloyed in the cladding, performed sat- 
isfactorily. No specimens containing a nominal 
40 wt.% UO, or equivalent UN concentration 
were included in the first four capsules, but, at 
the 26 wt.% loading, both the hydrothermal and 
spherical UO, performed well. Encouraging re- 
sults were obtained for the nonsintered core. 

(D. L. Keller) 


Coated-Particle Fuel Materials 


Current interest in coated-particle fuel ma- 
terials stems from a number of developments 
during the past four or five years. One such 
development was the demonstration that most 
chemical-vapor-deposition reactions can be 
carried out in beds of suspended particles which 
produce high yields of uniform products at eco- 
nomically attractive rates. Another development 
was the proof that these coatings are nonporous. 
Alumina coatings, 20 » in thickness, protected 
125-;, UO, particles from oxidation in air at 
temperatures up to 1300°C. Significantly, these 
coatings were found to have very low permea- 
bility for fission products, at least in the unir- 
radiated condition. Finally, it was shown that 
the coatings can be prepared in a state of very 
high purity and that some control over the crys- 
tal structure can be maintained. 


Thus a wide variety of core and coating com- 
binations is possible for metallic, ceramic, and 
cermet fuel systems. The applications for 


coated-particle fuels are numerous, and the 
potential advantages are substantial. The coated 
particles might serve as the fuel element, such 
as in a suspension or fluidized system, or they 
can be fabricated with other materials into 
more conventionally shaped elements. Improve- 
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ments in fission-product retention, oxidation 
and abrasion resistance of the particles, cop- 
ductivity, strength and uniformity of disper- 
sions, and prevention of reaction between fue] 
and other system components have already been 
demonstrated. 


As a result of the widespread interest in 
coated-particle fuels, this new section in Reac- 
tor Core Materials has been established for re- 
porting current progress. 


Preparation and Fabrication 


Nuclear Materials*® reported on the opera- 
tion of vibrating-tray chemical-vapor deposition 
equipment to produce niobium, chromium, mo- 
lybdenum, vanadium, niobium-vanadium alloys, 
and silicon coatings on UO, and other techniques 
and procedures for nickel, chromium, and be- 
ryllium coatings. The direct chemical fabrica- 
tion of metal-matrix fuel elements is also de- 
scribed. The reactions employed have been 
summarized in a monograph*! on the subject, 
and most of these metallic coatings, as well as 
others, have also been prepared in fluidized- 
bed equipment.*? 


Both dense and porous Al,O, coatings are 
being deposited at Battelle on uranium dioxide 
powder by hydrolysis of the chloride at tem- 
peratures of 1000 and 700°C, respectively.” 
The porous material, when overcoated with 
dense Al,O, at 1000°C, results in coating rup- 
ture at 1240°C. If the porous coating is first 
heat-treated at 1240°C for 48 hr and then over- 
coated with dense Al,O;, a structure that is 
stable at 1240°C is obtained. Nonporous BeO 
coatings have been deposited from the basic 
acetate, but so far they have been contaminated 
with carbon. Research on the hydrolysis of the 
chloride to deposit BeO is also continuing.” 
The effect of impurities in the oxide coatings 
on the surface roughness is thought to be sig- 
nificant. Oxide coatings on UO, and UO,-Th0, 
particles are also being produced by Nuclear 
Materials. *9»%4 


National Carbon and Battelle have fabricated 
graphite-matrix elements containing Al,0;- 
coated UO, particles.?»*4 Some damage to the 
coated particles was encountered during initial 
fabrication studies at Battelle, but good results 
are now being obtained. A study of the direct 
chemical fabrication of graphite-matrix ele- 
ments has been initiated®® by pyrolysis of hy- 
drocarbons in a packed bed of coated fue’ part 
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cles. Pressure bonding of Al,O,-coated UO, 
particles is being attempted” 36-38 for the pur- 
pose Of developing dense oxidation-resistant 
fuel bodies. Owing to limitations on the loading, 
coating thicknesses are restricted to 5 to 10 yu. 
It has not yet been demonstrated that these thin 
coatings can provide adequate protection for all 
particles owing to the distribution of film thick- 
nesses in a given lot of material. Methods of 
calculating the thermal conductivities of matrix 
elements containing coated particles on the 
basis of the thermal conductivities of the three 
phases have been reported by Knolls.*® 


Carbide -Base Materials. General Atomic**»*! 
revealed that it had initiated coating programs 
poth at Battelle** and in its own laboratories to 


g 


coat (U,Th)C, particles with pyrolytic carbon, 
NbC, and ZrC films. Carbon films, 30 y in 
thickness on 300-y particles, provided good 
resistance to moisture attack of the dicar- 
bides, and multiple thermal-shock treatments 
to 2600°C were necessary to release all the 
contained xenon gas after neutron activation. 
Daia on the kinetics of carbon deposition from 
CH, were correlated by the expression: 


9 
Ww = 2.25 x 10° P 1.30 91.39 -90,390/RT 


T CH, 


and, from C,H), by 


w = 1.57 x 10° -s.46 0-92 51, 000/RT 
Ki T C,H, ' 
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Fig. I-5 Performance of graphite ball*‘ containing Al,O.-coated UO, particles in sweep 
grap B Al2U3 2P 


capsule SP-5. 





Fig. I-6 Typical undamaged Al,O,-coated UO, particle after irradiation to 4 to 
5 per cent burnup. Coating was applied in six steps, and the fourth layer was in- 
advertently deposited in a porous condition. This porous layer appears as a dark 
6-u ring around an inner ring of dense Al,O,. The majority of undamaged coated 
particles were found near the center of the irradiated S&P ball. (Unpublished 
data.) Magnification, 500 x. 
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Fig. I-7 Two Al,O,-coated UO, particles with cracked coatings in graphite ma- 
trix after irradiation to 5 to 6 per cent burnup. The majority of particles with 
damaged coatings were found near the surface of the irradiated S&P ball. (Un- 
published data.) Magnification, 250 x. 
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where W = rate of carbon deposition, 0.03 to 
24.6 g/hr 

T=deposition temperature, 1123 to 
1398°K 

P = hydrocarbon partial pressure, 77 to 
750 mm Hg 

S = surface area of particles, 2690 to 
11,900 cm? 

R = gas constant, 1.987 cal/(g-mole)(°K) 














At a bed temperature of 1000°C, a hydrocarbon 
partial pressure of 760 mm Hg, and a bed sur- 
face area of 7000 cm’, the rate of carbon depo- 
sition from C,H, is 182 times that from CH,. 
However, at 1600°C, the rates of carbon depo- 
sition from CH, and C,H, should become equal 
under these same conditions. Efforts toprepare 
carbides were only partially successful. 









Pyrolytic carbon-coated UC, particles were 
supplied to Sanderson and Porter forits Pebble- 
Bed Reactor Program by Minnesota Mining and 
Manufacturing, High Temperature Materials, 
National Carbon, American Metal Products, and 
Battelle. Acid leaching of these coated particles 
resulted in uranium losses ranging from 3 to 
320 ppm, However, some of the products had 
been previously subjected to a 2000°C thermal 
cycle, and, in addition, there was considerable 
variation in particle size and shape, coating 
thickness, processing conditions, and preleach- 
ing before receipt by Sanderson and Porter. In 
general, nonporous carbon coatings can now 


probably be produced by any of these labora- 
tories ,*4 
















At least two types of carbon structures have 
been identified as a result of processing condi- 
tions. Predominantly columnar coatings are 
prepared by High Temperature Materials, and 
predominantly laminar coatings are prepared by 
National Carbon, Minnesota Mining and Manu- 
facturing, and initially by Battelle. Coatings 
prepared by American Metal Products seem to 
ve of an intermediate structure.*4 Both deposi- 


ton temperature and rate affect the structure 
of the coatings.”5 


















Fabrication of matrix elements containing 
tarbon-coated carbide fuel particles is being 
‘arriec out at General Atomic, Speer, Minne- 
Sota M ning and Maaufacturing, National Car- 
on, Ar nour, and Battelle.?>»443 some difficul- 
e been experienced in preparing matrix 
1S without damaging the carbon-coated 
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Irradiation and Evaluation 


Oxide-Base Material. Final results on the 
Sanderson and Porter SP-5 experiment in the 
Battelle Research Reactor involving a 1'/,-in.- 
diameter graphite ball containing Al,O,-coated 
UO, particles were reported.”® The coated fuel 
was prepared at Battelle and consisted of 40-y 
Al,O, films on 125-y-diameter UO, particles. 
National Carbon fabricated the fueled graphite 
ball. The results of radiochemical analysis of 
a sweep gas stream passing over the ball are 
shown in Fig. I-5. Postirradiation examination 
showed that 3.6 per cent of the particles had 
cracked coatings after 6 per cent burnup at 
temperatures between 510 and 730°C. The mi- 
crohardness of the coatings®*® had decreased 
from 2200 to 1400 KHN as a result of irradia- 
tion. Photomicrographs of the uncracked and 
cracked particles are shown in Figs. I-6 and 
I-7. (J. H. Oxley) 


Refractory Fuel 
and Fertile Materials 


Properties and Behavior of Uranium Oxides 


Results of investigations of UO, properties 
have been reported by several laboratories. 
In-pile measurements at Oak Ridge“ showed 
that the electrical resistivity of high-density 
UO, did not change with irradiation up to about 
10'* nvt, thermal, at which point the resistivity 
decreased by a factor of 3. These measure- 
ments are presented in Fig. I-8. The electrical 
resistivity ranged from 8.75 x 10° ohm-cm at 
21°C before irradiation to 0.4 ohm-cm at 773°C 
after an exposure greater than 10'* nvt. The 
activation energy was 0.5 ev during irradiation, 
compared with 0.65 ev before irradiation. In 
conjunction with these experiments, the thermo- 
electric power for the platinum-UO,-platinum 
system was determined. The thermal electro- 
motive force ranged from 130 uv/°C at 162°C 
to 29 yuv/°C at 900°C. During irradiation the 
UO, behaved like an 7 type conductor. Postir- 
radiation measurements of electrical conduc- 
tivity have been reported by Hanford.*® Sintered 
UO, irradiated to a burnup of 0,005 at.% hada 
room-temperature conductivity one-fifth that of 
unirradiated material. Room-temperature con- 
ductivity of the irradiated UO, was about one- 
third that of unirradiated UO, after both mate- 
rials had been heated to 800 to 900°C and then 
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Fig. I-9 Thermal conductivity*® of UO). 


cooled, The electrical conductivities were about 
the same for both irradiated and unirradiated 
material above 600°C. 


Experimental evidence“ 


suggests that above 


1400°C the thermal conductivity of UO, im- 
proves significantly with increasing tempera- 


ture instead of decreasing, as wouldbe expected 
from extrapolation of lower temperature data, 
The increase appears to be due to the relatively 
high transparency of UO, to infrared radiation 
at wavelengths of maximum emissive power, 
Figure I-9 shows the contributions of lattice 
and radiation to heat conduction at high tem- 
peratures in UO). 

Observation that irradiation increases the 
melting point of UO, has led Hanford investi- 
gators*’ to suggest that UO, dissociates to a 
stable substoichiometric oxide before the melt- 
ing point is reached. Thus melting points cur- 
rently quoted for UO. may actually be the tem- 
perature at which a stable UO,_, melts. 

Thermal-expansion coefficients for UO,, UO,- 
ThO,, ThO,, and UN between the temperatures 
of 26°C and T°C are given below (per degree 
centigrade): 


@ (UO,) = 8.3067 x 10-* + 2.211 x 107° T 

@ (UO,-ThO,) = 8.8553 x 107° + 1.329 x 107°7 
@ (ThO,) = 8.1950 x 10-* + 1.121 x 10-° T 

@ (UN) = 7.5074 x 107° + 1.099 x 107° T 


Auskern and Belle**»4? have published diffu- 
sion coefficients for oxygen and uranium self- 
diffusion in stoichiometric UO,. Uranium dif- 
fusion between 1450 and 1785°C follows the 
expression 


D = 4.3 x 10~* exp (-88,000/RT) cm?/sec 


whereas oxygen-ion diffusion in the tempera- 
ture range of 550 to 780°C can be represented 


by the equation 


D = 1.2 x 10° exp (-65,300/RT) cm’/sec 
Oxygen-diffusion rates innonstoichiometric U0, 
are increased, and the activation energy is de- 
creased by more than half. 

In-pile and postirradiation fission-gas- 
release studies are continuing at Oak Ridge.” 
Measurements of in-pile release for UO, of 97 
per cent theoretical density are in progress. 
Preliminary diffusion coefficients calculated for 
xe'%3 and Xe!®> in combination with their iodine 
precursors ranged from 1.3 x 107 cm’ sec # 
720°C to 5.8 x 10-19 em?/sec at 1100°C. From 
710 to 1100°C, Kr®”" and Kr® diffusion coel 
ficients varied from 8.7x 107% to 5x10 — 
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em’/sec, respectively. The activation energy in 
poth cases is about 40 kcal/g-mole up to about 
1000°C. In other work, fission-product release 
from Pressurized-Water Reactor (PWR) type 
UO, pellets was measured during postirradia- 
tion heating in air and purified helium at tem- 
peratures up to the melting point.®' Diffusion 
measurements for periods up to 5 hr in high- 
purity helium yielded the release data for prin- 
cipal fission products shown in Fig. I-10. Rates 
at which release occurred were characterized 
by an initial rapid release followed by a slower 
release rate that was linear with the square 
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Fig. I-10 Release by diffusion of fission products 
from sintered UO, heated in purified flowing helium 
(heating time ~5 hr).*! A, iodine. 0, tellurium. V, 
cesium. ©, strontium. x, gases (Xe-Kr). 


root o1 heating time. Apparent diffusion coeffi- 
cients D’ = D/a? calculated from the linear por- 
tion of the release data for krypton and xenon 
are presented in Fig. I-11. Under oxidizing 
Conditions and at the melting point, fission- 
product release was enhanced considerably. 
Tests of the compatibility of UO, with various 
tladdinc materials have been performed.” UO, 











appear to be compatible with tungsten up to the 
melting point of UO,. Molten UO, was found to 
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react rapidly with tantalum, but, at tempera- 
tures less than 2800°C, the two appear to be 
compatible. Molybdenum does not react appre- 
ciably with UO, at temperatures to 2275°C. At 
100°C below the nielting points of Zircaloy-2, 
Fansteel-80, and Fansteel-82, reactions with 
UO, were observed. Weight changes of various 
alloys after 10 min of contact with UO, at 1000 
and 1500°C are given in Sec. IV. 


Short-time irradiations at Chalk River” of 
UO, ,. having a density of 10.55 g/cm® indicate 
that this material exhibits more melting and 
grain growth than similar specimens of stoi- 
chiometric UO, under the same conditions. This 
suggests that during irradiation the mean ther- 
mal conductivity of UO,,,. is about 20 per cent 
lower than that of UO, between 350 and 2800°C. 
The diametral expansion of UO, ;. specimens 
was greater than that for UO,,, at the same heat 
fluxes. Metallographic examination of the UO, ,, 
showed that oxygen had migrated from the 
molten core to a lower temperature region of 
the specimen, 


ry 
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Sheath failures occurred during Savannah 
River™ irradiation tests of tubular fuel ele- 
ments of vibratory-compacted and swaged fused 
uranium oxide within Zircaloy-2 tubes. It is 
believed that moisture contamination in the UO, 
led to local hydriding in the Zircaloy-2 during 
irradiation, Normal tensile stresses in the ele- 
ment were then sufficient to initiate cracks that 
propagated through the sheath wall with subse- 
quent failure of the fuel element. 

A recent Polish paper’’ discusses phase rela- 
tions of the BaO-UO, system. Another report” 
covers phase studies of solid solutions of UO, 
in ZrO, and CeO. (R. H. Barnes) 


Fabrication of UOz-Containing Ceramics 


The costs of fabricating fuel elements for a 
reactor core using pelletized and granular fuel 
have been compared by Combusion Engineer- 
ing.°’ It is concluded that elements made from 
granular fuel by vibratory compaction or swag- 
ing are considerably less expensive than pellet 
type elements made by cold-pressing and sin- 
tering the pellets. In essence, the savings 
claimed are realized because granular, fused 
UO, is considerably less expensive than UO, 
pellets and because scrap losses in vibratory 
compaction or swaging are lower. 

There are several factors affecting relative 
costs which do not appear to have been taken 
into account in the analysis. These are 

1. Possible differences in permissible burnup 
and reliability of elements. Slight increases in 
density of sintered pellets, which appear to be 
technically possible, could have an appreciable 
favorable effect on element life. The problem 
of adsorbed gases on granular fuel has not been 
resolved, 

2. Criticalily limitations. Because of vola- 
tility of UO, at high temperature and the nature 
of the process, electric-arc fusion of UO, can 
be accomplished economically only with large 
batches, Other methods of obtaining suitable 
granular materials have not been proved, and 
their costs are less certain. 

3. Scrap consideralions. It should be possi- 
ble to reduce both the amount of scrap gener- 
ated in pelletizing and the cost of reprocessing 
it below the levels used in the analysis. 


With these factors considered, it would ap- 
pear that differences in costs between pelletized 
and granular fuel may, in the long term, prove 
to be minor. 


The fabrication of ZrO,-CaO-UO, fuel to by 
used in spike elements for the Experimenta] 
Boiling-Water Reactor (EBWR) has been de- 
scribed. Mixtures of UO,, CaCO,, and U.O 
were pressed at about 15,000 psi and sinte 
in air at 1675+ 25°C to form cubic sol 
solution fuel having a density of about 4 g/< 
Porosity and oxygen content of the fuel are 
given. (H. D. Sheets 


Properties of Refractory Fuels 


Other Than Uranium Oxides 


The properties of the uranium carbides ars 
being investigated in a number of laboratorie: 
Mursen™® studied the thermal behavior of UC 
and UC-plus-uranium bodies with 5 per cent 
porosity and found them to be dimensionally 
stable through 500 and 1000 thermal cycles, r« 
spectively, over the temperature range 200 t 
1000°C. The thermal conductivity of these bodies 
varied from 0.028 to 0.04 cal/(cm)(sec)(°C 
tween 100 and 700°C. Between 20 and 1500°C 
the thermal-expansion coefficient was found t 
be 11.6 x 10-*/°C. Lattice-parameter data f 
UC,.., was found®® to vary with temperature (2 
to 690°C) by the following equation: a, = 4.9592 
[1 + (10.98 + 0.08) 10-*/] A. In the case of the 
dicarbide structure, the lattice parameters 
for UC, ., material expanded with temperatu 
(20 to 935°C) according to the equations: 
3.5256 [1 + (16.56 + 0.23) 10~° /| and c; = 6.0014 
[1 + 10.43 x 10~* /]. In comparison, Los Ala! 
reports thermal-expansion coefficients for UN 
to be 17.5074 x 107-°+ 1.099 x 10-* / and, 
ThO,, 8.1950 x 10~* + 1.121 x 107° /, Electrical- 
resistivity and hot-hardness data*®*! for 
nium carbides are given in Tables I-3 and | 
High-temperature deformation studies™ s 
that UC deforms at 1200°C, UN at 1600°C, a: 
U,Si, at 800°C. Grain growth of UC between 
and 1700°C is reported®® to occur in two s 
cessive stages. 


Reaction was observed‘ between UC and t 
talum during irradiation of capsules (bur! 
of 4000, 8000, and 11,000 Mwd/ton) at ce! 
temperatures of 2000 to 2500°F. Fission gas § 
released from the UC at the lower bu , 
amounted to 1.7 per cent of the Kr® genera 
UC,—ThC, fueled graphite bodies examined 
after irradiation, giving 16 to 18 per cent 
burnup (48,000 to 51,000 Mwd/ton), showed § 
dimensional stability with no evidence of cra°k- 
ing or spalling. However, migration of the 












HRI ,ANIUM- MI 
. icine eden ———_______— Other Than Uranium Oxides 
) Ele n 
The third i Series of info1 
ah to coordinate the efforts of the 
: ~ tories engaged in research on uraniu 
‘ fuels under AEC yntract was held 
e : AGE Ridge National Laborat ry nm Dec. |] d 
. * a 1960. Summaries of the status of work at 
2 } time at each of the participating organizatio 
13¢ 198 have been compiled”’ by the AEC Divisi 
des ~_ sage Technical Information 
re - Oak Ridge investigators have develope 
a gs g techniques for arc-melting and casting crack 
1 6 free high-purity UC linders, 0.25 to 0.5 in. 
en | <% liameter and 3 in, long. Small shrinkage i 
ill ss ties that occur the top 20 per cent tl 
re- = = - vasting cannot be eliminated cavity 
yt lat because molten alloy “drops” into the mold 
lies simultaneously freezes in the outer regi 
the casting. A solidification pattern results that 
HOT HAR S OF URANIUM-9 WT - ; 
0°C sRBOR vy? allows very little molten alloy to act as a fee 
t ——_—________—__———— ———_——_— ing head. 
6 remp iness, DPI The iriability of carbon content of skull 
9 ah 7 oa melted castings of UC has been shown t e due 
1592 1 ; to: (1) carbon pickup from the graphite elect: 
the 2 6¢ which is eroded by spatterings caused b\ la 
er tile impurities in the charge and (2) segregatio 
; . f carbon and uranium in the skull becaus 
— : the refractory nature of graphite in the Le 
14 mental charge and the inconsistent positi 
the molten pool in the skull. Battelle*’ melt 
se pears to concentrate the uranium and thorium 
oa different. locations in the body. Vapor- 
Z essure studies of UC, and ThC, are in prog fable 1-5 THORIA-VAPOR-PRESS 
. q ss. Preliminary experimental data fit the fol _ i pa a: = z 7 
sng ving thermodynamic equations as well as - ahs oa 
ce uld be expected: —_ ‘ 
nd § I 4 
15 For UC2, rh-G- 15 
I 2 
144,300 + 6 1400) 27.5 —— ; 
108 |} es RA = . ' allie 
4.919 4.575 , - mm rele! ' 
; ifor ThC,, 
lable I-6 VAPOR PRESSURE OF PLUTONIUN 
sg a 160,700 28.8 fvenptrine 
nh 4.5757 4.575 gas p re 
. — = - 
‘ . xy ge 4 
ipor-pressure data’® for ThO, are given in ieee as 
ble I-5. Argo 
“- Battelle**®* has obtained data on the vapo1 Argo 
: essure of PuO,. These results are presented 29 pe 





Table I-6. 








Fabrication of Ceramic Fuels 
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14 REACTOR CORI 
that the 
trode erosion can be predicted to be about 0.5 
wt. carbon with a limit of about 
t+Q.1 wt.% carbon but that carbon variation due 
to uncontrolled segregation in the skull is less 


indicate carbon addition due to elec- 


confidence 


predictable because the haphazard movement of 


the molten pool cause carbon-rich and 
uranium-rich skull. After 
melting four charges (one* prealloyed UC shot 
of 4.6 wt.% carbon yielding a casting about 5.0 
wt. carbon vacuum- 
outgassed TSF graphite and uranium metal of 


4.2 


may 


segregates in the 


and three charges of 


wt.“ carbon yielding castings of about 7 
wt. Battelle the 
skulls found that segregation of uranium 
metal to the bottom of the charges 


carbon), workers examined 
and 
was respon- 
sible for the high carbon content ofthe castings. 

To produce UC from 


carbon, Argonne** 


mixtures of UO, and 


has added carbon as a solu- 
ble carbonaceous material in the mixing opera- 
tion to coat each UO, particle, and thus obtain 
high carbon and UO, surface areas. 
fire at 900°C in 
leum pitch dissolved in alcohol. The product of 
a 1-hr soak at 1400°C and 1-hr firing in flowing 
argon at 1700°C was UC with not more than 10 
per cent US,. By prefiring in flowing argon for 
1 hr at 1450°C, then evacuating to 10™* mm Hg 
and firing 1 hr at 1700°C, Argonne obtained a 
product that showed no UO, by X-ray diffraction. 


They pre- 


argon to carburize the petro- 


P Q ; 
Russian investigators’’ lined a graphite ex- 


trusion die with molybdenum foil and placed 


this assembly in 


vacuum chamber 


a hermetically sealed metal 
(~10 mm Hg) to study the ef- 
fects of extrusion pressure, temperature, and 
holding lensity of UC. The powder 
was produced from the reaction of UO, andcar- 
bon black. Temperatures above 1850°C caused 


time on the 


1 lowering of the density, as shown in Fig. I-12. 
High-density pellets of ZrC-UC solid 
were hot pressed by a 


solu- 


tions process wherein 


ZrC, UO,, and graphite powders were mixed, 


loaded into a graphite die, allowed to react at 
about 2000°C in a vacuum or argon, and then 
pressed, Stephas and Hoyt’ call this “reactive 

tt pressing,” although the reaction occurs 
prior to the pressing. The method bypasses 


handling of pyrophoric UC powders, but it re- 
quires a long time (up to 8 hr) to 
pellet. Addition of 1 wt. 
growth. 


produce a 
nickel enhanced grain 


Argonne* produced US powder by decompos- 


ing hydrided uranium turnings to fine powder 


and reacting this powder with a measured 
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2000°C. The material of highest density (85 

per cent of the theoretical density) analyzed 99 

cent USo, 9, and 1 per cent (U + UOS), whi 
represents about 0.05 per cent oxygen contami- 
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In trying to produce UN by arc-melting ter 
niques, it found that the reaction w 
virtually complete after 10 min of arc 


uranium in nitrogen at 3-atm pressure. Invest 


had been 


melti 


gation of the effect of pressure had shown tl 
the nitrogen content varied from 3.15 wt.% in 
button produced at ! 4.82 wt.’ 
at 3 atm. Although extrapolation 
data indicates that stoichiometric materi 

should be 


atm to in O 
produced 


this 


produced by direct arc-melting p1 
cedures at nitrogen pressures of less than 
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30-sec duration. The buttons were assumed 
heterogeneous. The composition was held to 
within +0.1 wt.% carbon using a tungsten tip, 
and the tungsten contamination was kept below 
50 ppm. Homogeneous buttons had oxygen con- 
tents of about 100 ppm. Alloys of 45 to 53 at.% 
carbon were difficult to cast into pins and had 
to be cooled very slowly to prevent cracking. 
Alloys just above 50 at.% carbon were not as 
susceptible to cracking. Arc-melted buttons 
near the Pu,C, composition must be cooled very 
slowly to prevent shattering. 

Hanford" studied the PuO, + 2C — PuC + 2CO 
reaction and found that it begins with a slight 
evolution of gas at 850°C. The rate of gas re- 
lease increases parabolically with temperature 
and is extremely rapid at 1500°C. The forma- 
tion of stoichiometric PuC from the oxide ap- 
pears to be very difficult, and any carbide found 
is usually accompanied by a lower plutonium 
oxide. The quantity of residual oxide is time 
and temperature dependent. Preliminary re- 
sults indicate that the reduction of the oxide and 
conversion to carbide, based on 45 at.% carbon 
in PuC, occurs as follows: 

PuO, + C — a@Pu,O, — 8Pu,O, — PuC + Pu,C; 
The PuC quantity increases with temperature; 
however, there always remains residual Pu,C,. 

(E. O. Speidel) 


Mechanism of Corrosion 
of Fuel Alloys 


Investigations have been conducted at Har- 
well” on the oxidation of uranium and uranium- 
molybdenum alloys in the temperature range of 
300 to 800°C. Specimens were first heated to 
the desired temperature in argon and then air 
was admitted to the reaction vessel. No signs 
of ignition were observed, although self-heating 
occurred (specimen temperature rose above 
the furnace temperature) at all temperatures 
investigated, 

The Harwell workers propose that the nature 
of the oxide film that forms on the specimen 
surface accounts for the behavior observed, 
The following is believed to occur on unalloyed 
uranium: 


1. At 300°C the oxide is sufficiently adherent 
to serve as a thermal barrier to prevent the 
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loss of heat from the specimen, but it is 
protective enough to cause the oxidation rates 
to fall with time. At this temperature, neithe 
the film thickness nor the self-heating attai 
very high values, 

2. At 400 to 450°C the oxide film is thicke: 
but is more of a barrier to heat flow thant 
oxidation, thus causing large temperature rises, 
Oscillations in the self-heating temperature are 
attributed to spalling of the oxide which then 


allows the specimen to cool somewhat, Subse- 


quent buildup of the oxide film again restricts 
the loss of heat, and the specimen temperaturs 
rises again, 

3. At 450 to 650°C the oxide begins to “sin- 
ter,” but is nonadherent. No oscillations 
temperature occur, but relatively high sellf- 
heating is observed at the higher temperatures, 


4. At 650 to 800°C the sintering is more ad- 
vanced, and a relatively adherent oxide film 
apparently prevents oscillations inthe tempera- 
ture. However, self-heating is low, being simi- 
lar to that observed at 400°C. This is attribute 
to the oxide film being a less effective heat 
barrier than those films formed at lower tem- 
peratures, despite the oxidation rates bein 
almost twice as great, 


Oxidation rates and self-heating of thé 
uranium-molybdenum alloys were found to be 
low at all temperatures. This was attributed t 
the plastic nature of the film, which appeare 
to be “protective” in the sense that self-heating, 
and presumably the oxidation rates, fell wit! 
time. (W. E. Berry 


Basic Studies of Radiation 
Effects in Fuel Materials 


Metallic Fuels 


Articles appearing in the literature for this 
three-month period include those devoted to es- 
tablishing mechanisms of Anisotropic fissio! 
damage in alpha uranium, the nature of damage 
produced by fission events in thin films an 
bulk metal, and mechanisms of swelling in fis- 
sionable fuels. 


The relation of structural changes to thermal 
expansion in uranium, neptunium, and plutonium 
has been analyzed by the Russians.” In all ex- 
amined structures, thermal-expansion anisot- 


ropy results from the weakening of four cova’ en! 
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nds and irregular distributions in interatomic 

tances in crystalline lattices. The estab- 
lished regularities describe certain specific 
properties of uranium, neptunium, and pluto- 
nium. 

Experiments by the French" dealing with the 
growth of uranium, effects of radiation on single 
crystals and polycrystal samples, and surface 
deformation have been analyzed and treated 
theoretically in terms of thermal-spike and 
point-defect theories. A detailedtranslation was 
not available. 


An experiment has been conducted at Har- 
well’ to clarify the role of point defects in the 
radiation growth of alpha uranium. The experi- 
ment was conducted to relate the strain induced 
in the [010] direction to the concentration of 
point defects produced by alpha-particle bom- 
bardment (alpha particles will not produce fis- 
sion). The strain thus induced per unit point de- 
fect was an order of magnitude smaller than 
that for experiments where fission occurred. 
Therefore it is reasoned that theories of fission 
growth which attribute the growth to anisotropic- 
defect accumulation by anisotropic migration of 
point defects or by processes of atomic dis- 
placement which are dissimilar in different 
crystal directions are invalid. The author be- 
lieves that a choice between the alternative 
theories must await further information. The 
alternative theories are those which ascribe the 
anisotropic growth to irreversible deformation 
produced by stresses in the heated region sur- 
rounding the fission track and those which re- 
late anisotropic condensation of point defects 
to local thermal stresses. 


At Brookhaven” a study of fission-product 
damage in thin films of various metals by elec- 
tron transmission has indicated some interest- 
ing results. In films of about 100 A or more, it 
was concluded that the matrix was vaporized 
along the fission-product track causing loss of 
metal, In thicker films, melting and recrystalli- 
zation occurred along the fission-product track 
causing larger crystallites. In films exceeding 
250 A in thickness, no effect was observed, In 
the latter case, however, observation of dislo- 
cations and vacancy clusters was not possible. 
Single-crystal films are being sought, 

tecent experiments at Hanford“ have shown 
a surprising correspondence of uranium swell- 
ins as a function of temperature when it is pro- 
dced, on the one hand, by in-pile irradiation 
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and, on the other hand, by irradiation and long- 
time postirradiation heating. 

Those following the research being conducted 
on swelling in fissionable fuels may find a se- 
ries of discussions in the Journal of the Ins 
tute of Metals" to be provocative. This discus- 
sion presents different points of view on the 
swelling problem, along with a variety of origi- 
nal inférmation, and comprises the response to 
a paper by G. W. Greenwood, J. /ns/. Metals, 
88: 31 (1959-1960). 

Studies at General Atomic’® have been made 
of the vapor transport of fission products from 
recoil-impregnated surfaces of nickel foils in 
vacuo, Significant transport occurs as low as 
1200°F. (F. A. Rough) 


Radiation Effects in Ceramic Fuels 


Current fundamental studies of ceramic fuels 
include those on techniques for observing dis- 
locations in UO, by optical microscopy, on 
fission-fragment trajectories in thin-film UO,, 
and on the restoration of the crystal parameter 
by heating irradiated UO,. 

Techniques have been developed at Saclay” 
to permit direct observation of the arrangement 
of dislocations in sintered uranium dioxide by 
optical microscopy. 

In research at Hanford® the fission-fragment 
trajectories in thin-film UO, (100 A thickness) 
have been studied by transmission electron 
microscopy and diffraction after neutron expo- 
sures at temperatures of 60°C or less in air. 
After exposures of 1 to 2x 10" nvt, typical 
fission-fragment paths are observed; after 3.9 » 
10*’ nvt, the trajectories are still discernible, 
but localized regions have become opaque, these 
regions becoming larger at exposures of 1.6 
10'* and 4.4 x 10" nvt. These opaque regions 
were shown by shadowing techniques to be floc- 
culent outgrowths on the carbon substrate, After 
an exposure of 3 x 10’* nvt, no sharp diffraction 
pattern could be obtained; but, at 4.4 « 10'° nvt, 
crystallinity had been restored. It is nct certain 
whether this was an effect of irradiation de- 
stroying crystallinity or a loss of crystallinity 
associated with changes occurring perhaps by 
vaporization and condensation. This latter ef- 
fect was not observed when the films were ir- 
radiated in vacuum instead of air, and the tend- 
ency to form flocculent aggregat«s was reduced. 

The restoration of crystaliine parameters by 
isochronous annealing was investigated®' in a 
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Graphite 


A British patent! described the following method 
for decreasing the permeability of graphite. The 
res of the graphite sample were either evacu- 
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material on graphite to operate in helium at zone passes exhibited 156 per cent glide str: 
temperatures up to 1000°C. It was found that on the basal plane, equivalent to 92 per ce 
the heat-resistant nickel-base alloys, the stain- elongatton. Another specimen showed 140 
less steels, and molybdenum all carburized cent elongation in a single crystal, with 
rapidly above 816°C. Of the alloys tested, basal plane initially at 45 to the tensile ax 
nickel-copper alloys appeared to be the most It is planned to try to determine the partic 
promising for use as a high-temperature graph- impurities that are responsible for brittlens 
ite cladding. Aging data indicated that Monel in ordinary beryllium. 
is more resistant to graphitization than nickel. The final report’ 1 an Air Force pr 
J. Koretzky to develop a reliable technique for produ 
fine-grained, sound beryllium cast ingots 
dicate that accelerated cooling through m 


Beryllium Metal and Alloys 


design was the mcst effective approach t 


: an , objective. Small additions of germanium, 
Beryllium Purification, Casting, conium, and lanthanum appeared to hat 

and Alloy Development crain-refining effect on cast beryllium, where 

There is still much interest in the production additions of titanium and silicon in amount 


‘ 7 . wm . 0.1 ne cent ac “Ove 1e fly ity 
of superpure beryllium metal. Thus far, efforts .1 per cent each improved the fluidit 


4 ;, a molten metal ow-frequenc, 7 . i] vi 
to make beryllium metal by the iodide decompo- molten metal. Low-frequency mechanical vi 


lt } tion broke up the cast struc -e of beryll 
sition method have resulted in no pure beryl- ‘ ke up the cast structure of ber 


, int Structur mor favorable yr hot-wortk 
lium being deposited. When deposition was ito a structure more favorable forh —_ 


naratins kT} fine _ocraine aS nor ; 
attempted on molybdenum or tungsten filaments, PORE: Se See eee eee Seen 


’ be successfully he xtruded. Atthete rat 
no beryllium was deposited, and on a platinum e successfully hot extruded he tempe! 


\ 1<se ror owtr sin | <8) "\ he i°P Tea ai et 
filament a platinum-beryllium alloy was formed. used for extrusion (1850 F), the microstru 


: , | ; partially recrystallized into an equi: 
Eiforts to make pure beryllium by distilla- : ' 
e : o.oraine sMiaxe jeet 
tion of Pechiney flake from a beryllia e-grained equiaxed she¢ 
: : ‘tad om cast beryllium uSing a! 
and < llecti ym of the distillate n tan _ . eryll = . 


mediate extrusion step. 
more successful, as may be seer Gate Cxtrus step 
alloys of magnesium and berylliur 


been prepared’ by infiltration of 





n skeletons with molten magnesium and ; 
ntering compacts of magnesium and be! 
1 powders. These alloys contain a com 
to be MgBe,,, which is usually pres 


ntinuous intergranular phase. 


Fabrication of Beryllium 


The second interim technical report’ 
Beryllium Corporation’s project fox 
ment of techniques for producing | 
structural shapes notes that preliminary 
has produced exceptionally high yields ofus 
materials suitable for further evaluatio! 
yppears probable that it will be desirabl 
use extruded working billets as starting st 
for the development of rolled high-stre! 
squares and rounds. Meanwhile, the Nort! 
Corporation reported’’ that continued 
reported that the exter f sal glide during to extrude a bare beryllium channel 
tensile testing « ‘efine ingle crystals n the high-speed press of Wolverine 
shows that the Vv nt is not! arily Company were discouraging. Therefors 
limited very small val . A Single-cr expect that future effort on this prog 
specime! ‘om ma ia cter eigh be directed toward extrusion of canne 








prayed coatings of 300-mesh beryllium 
ler can be applied satisfactorily to steel 
beryllium by the plasma arc, using argon 

s a carrier gas. The following results have 
n reported:'! 
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Various factors were studied’ in an effort 
to produce randomly oriented wrought beryl- 
lium sheet. During rolling, the crystallographic 
asal-plane population parallel to the plane of 
the sheet increased with the reduction in area. 
When the 








sheet was subjected to annealing 





temperatures in excess of 950°C, the third- 


limensional ductility was increased from 0.2 


U2 





er cent (in the stress-relieved condition) to 
1.75 per cent, 






\ British paper’’ discusses the requirements 
r uniform densification 


It is concluded that a 


luring hot pressing. 





louble-pressing method 






s essential if thin-walled hemisnherical shapes 
re required. 





In an attempt to produce p 


rous beryllium 







dies with a density of 0.10 g/cm” and 






mpressive strength of 2000 psi, five methods 


ere investigated.* Although the project was 






iscontinued before the experimental work was 
mpleted, it appeared that a product con- 


sisting of random-packed hollow spheres 








na 
€ best chance of success. This material 
be fabricated by -ombination of slij 


isting and the lost-wax process, 
pecialized techniques for deep-hole drilling 


eryllium include the use of cutting fluids 






inder pressures of up to 3000 psi and special 


‘ifle drills.’ 
l-diameter holes, oil pumps as large as 


le drills or For very des 
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p may be required, The standard drill 
leSign is a two-flute, 





oil-hole drill, carbide 


i, with its point ground to a 90° included 

. Single-flute carbide-tipped gun drillsare 
ised also. The shank of this type is a seamless 
Ste tube with one side 







depressed to form a 
ove that extends the entire length of the 
to the point of the drill. This groove 


its the outflow of chip-laden coolant (sup- 
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plied through the hollow shank) from the tting 
site. 

Significant advances have been report 
the development of finned beryllium tul 
Tubing fabricated by hot extrusion, using either 
the filled-die or ribbed-billet technique, has 
been fabricated in 3-ft lengths. Preliminary 


room-temperature rupture tests of the [inne 


4 


tubing gave breaking strengths in the 95,000-ps 


range, which indicate mechanical streugths 


exceeding that of smooth- walled tubing produce 
by the 





same methods. 





Beryllium Joining 


It has been reported” that, i 


: } ltrasoni 
welding f beryllium, all the energy must be 
lelivered to the beryllium in 0.5 sé r less t 
ivoid cracking the metal. With a standar 
J-in. tip radius, a clamping force f about 
200 lb, and power to the tr ducers of about 
2400 watts, a weld interval of about 0.5 ss 
r less required to weld 0.010- to 0.012 
beryllium sheet having a Vickers hardness f 
254. The energy required varies with the ti 

ius id the material hardness thickness 
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le ; 2 n method e- 
i r 
esults testing butt-brazed te e speci 
lé _ ¢ t ¢ Te } I I cKnee I 
yn the llecti f desig ita for be iun 
The et cs ilt t tne le LOT t Zé tne 
i ey | San N A 
v4.4 t e! vt iluminu 2 wt 
é ng all us us 
é t 1675 nini Ze é fect 
stallization, Oak rl € rts* t t 
iT ients A t 1€ it O¢t = 
eldin rocess i idicate é 
I sing I the ealing I f l 1e] 
tubs ements J in yy S us 
v. estigated t Batte ii¢ r( i] 
¢ italne nen the mating suri es st 
CKAie t I luce irignt Sniny I € 
en DI ea 7raln rowth acr I 
ice vas bserve speci é l€ I 
fF I wat i 100 Si . 
er 1ens b ed at 1525 a1 1650 F 
if l UU psl. Metallos rapnk examinati 
beryllium-to-UO. bonds made at 1650 and 17§ F 
for 4 hr at 10,000 psi revealed reaction zones 









interltaces 





Similar reaction zones were 

















Knapton and West’® in beryllium-UO, compati 
bility tests. 


Physical Metallurgy of Beryllium 


The preparation and thermal analysis of 
binary and ternary beryllium alloys were con- 
tinued at Nuclear Metals. Copper appears to be 
an effective beta stabilizer. A tentative 
beryllium-copper phase diagram shows a eu- 
tectoid at a copper content of approximately 
13.5 at.% copper at a temperature’’ of about 
1117°C. Gas-quenching experiments on a nomi- 
nal beryllium—8 at.% nickel alloy were begun 
in a modified Greninger apparatus. Samples 
have been cooled by helium gas with initial 
cooling rates ranging from 210 C t ver 
12,000 C/sec. To date, 10( pel ‘ent beta re- 
tention has not been achieve 


Single crystals of BeB, and BeB, were pre- 


pared by sintering powder mixtures in a BeO 
crucible under argon. The authors reporte 
chemical analyses and X t 
for these compounds. 
4 musSlan report 
iulloys noted that the 
2221 Ko/Cm” was attalne in all S 
] at. 17.4 Nt, rnel 
solubility for alloys ntaining 66." 
lium were determin ; ee 


transiormations were |! e Ri 


beryillum system. 


In general, investigati the niol 
beryllium binary system at |] er Researcl 
Institute confirmed the work of pre’ 
vestigators. The following inté etal] 


pounds were oOServe 
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occurrence 
transformation in the NbBe, 


explain the brittleness found in that tempe: 


Studies of beryllium by transmission elect: 
microscopy‘ indicate that impurities inthe sa 


in the annealing process prefe 
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ssure of 10~° mm Hg, the beryllium started 
at 200°C. At 550°C the beryllium 
film was completely oxidized. When carbon was 


yxidize 


present at 600°C, the appearance was essentially 
the same as that of the oxidized specimens, 
but carbide was present. At 900°C the rings of 
Be,C disappeared from the diffraction pattern 
and BeO alone remained. Under these conditions 
f vacuum and temperature, it is possible that 

Be,C oxidized, and the 
residual carbon was left in an amorphous state. 


decomposed and 
A British study“ notes that low-load indenta- 


tion hardness measurements on beryllium are 


markedly dependent on orientation and surface 
mdition, Machining produces a uniform surface 

300 DPN on 
beryllium. Removal 
0.008 


yer with a hardness of both 
single and polycrystalline 
of 0.02 
eveals the marked 

e: 230 DPN on 
prism plane for 
to 170 DPN, 


testing, for a highly oriented s} 


etching cm in.) of surface 


lepend- 
7 DPN 


a single crystal and 


crystallographic 
the basal plane and 
n the 
depending on the angle of 
eet, 


hardness corresponds to the 


In all cases 
€ maximum 
reatest con 


‘-entration of basal planes, 


Results of hot-hardness testing** showed 
eryllium from magnesjum-reduced pebble 
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bits both strain and precipitation aging mech: 
ipitatzon 


600 and 4 >, with consequ 


that are smoved Dy pre 
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ailing 


vement in rature anneal 


racteristics. No nomena were 
in beryllium from 
parameters 


ppear to 


Physical and Mechanical 
Properties of Beryllium 
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notc 
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f beryllium decreases with increasing tempera 
800°F (430°C) and then tends t 
1000°F (540°C). In 
that beryllium is 
sensitive, even at r 


tures up to 
increase 
the data 
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again at gene! 
indicate 
notch 
perature, 

In another study*” the effect of various surface 
finishes was investigated. Beryllium specimens 
that etched to 
caused by 


were remove suriace defects 


machining were found to have the 


best mechanical The fatigue en- 


durance limit was equivalent to the static tensil 


properties, 


strength and was improved by etching 


An important summary of the effect 
rate 


ties 


heat-treatment on the tensil 


and 
of extruded beryllium rods was 
by Brown et al.”” The fracture mode 
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brittle to a 
that allows extensive ductile elongation of grains. 


from a intergranular mode mode 
The alteration of properties after annealing has 
been ascribed to purification of the matrix by 
precipitation of impurity. It has not been pos- 
far 
responsible for strainaging or those responsible 


sible so to identify either the impurities 
for grain-boundary strengthening. Possibly the 
two effects may be caused by a redistribution 
after heat-treatment of the same element.” 
Results of an extensive program of testing 
the mechanical properties of cross-rolledberyl- 
lium sheet were by Curtiss-Wright 
Corporation.*! The results of extensive tensilx 
testing of QMV beryllium from 20 to 870°C 
were reported by Lockheed.”* Mechanical prop- 
erties were BeO content and 
with microstructure, Fracture, which was trans- 
crystalline to 480°C, 
concentration at twin 


reported 


correlated with 
was initiated by stress 
intersections, intersec- 
tions of twins at grain boundaries, at 1012) 
twin-matrix interfaces, and at impurity parti- 
cles, particularly carbides, Intercrystalline 
fractures, starting at 480°C, were characterized 
by void formation at grain boundaries normalto 
the stress axes. Voids observed to have 
nucleated at carbide particles in grain bound- 


were 


aries and presumably at other smaller unidenti- 
fied impurity particles. Boundaries of large- 
clusters free of 
intercrystalline voids, whereas the surrounding 


grain impurities showed no 
fine-grain materials that did contain impurity 
particles in the grain boundaries had numerous 


cracks and voids. 


Corrosion and Irradiation 


Behavior of Beryllium 


Beryllium tensile specimens irradiated at 
350°C to fission neutron doses up to ~2 x 10° 


nvt and at 600°C to fission neutron doses up to 
~T x 10°' 


mechanical 


nvt showed changes in transverse 


properties. No changes in longi- 
tudinal 


600°C 


irradiated at 
were noted, The specimens irradiated to 
»>2 x 10" at 


temperature showedan increase in yield strength 


properties of specimens 


nvt 350°C and tested below this 


and some loss of 


could 


luctiiitv. Some of this damage 
annealed 200°C 
before testing.* 
of 
introduce two types of problems: (1) corrosion 
and (2) irradiation The corrosion of 
beryllium in sodium or NaK becomes significant 


be out by heating above 


The use beryllium in a reactor may 


effects. 
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above 750°F. Beryllium is expected to be co: 
patible with coolants of interest 
most dfy gas coolants up to 1100°F. 

of 


does 


organic 


effect 
of beryllium not become apparent ul 
doses are in excess of 10° 
Thereafter the main effect 
the ductility if the 
are at 


The irradiation on the properti 
fast neutrons/c1 
is the reduction of | 
irradiation temperatu 


low; these temperatures the volu 
negligible. If the irradiation te 
600°C, doses of up to 3x1 


fast neutrons/cm*‘ have little effect.’ 


change is 


perature iS 


Oak Ridge found®® that the effect of irradia- . 
tion on stress rupture 
at 700°C is about the 
at 600°C. For tube 
block, the 
at 
cm* (>1 Mev 
cent in terms of stress. 

Gregg et 
temperature oxidation of beryllium in various 


of beryllium tube-burst 
specimens 
observed 


same as that - 
machined fr 
reduction 100 
of 1.8 10°” { 
is approximately 23 per 


hot-pressed in 


rupture strength a dose 


neutrons 


We 


al.°’*"’ reported on the hig 


media. The oxidation product formed in CO, is 
protective up to nearly 750°C. In CO the oxid 
tion product is nonprotective above 550°C, t 


rate of oxidation being considerably greate: 


than in CO,. In water vapor and moist oxyge! 


the rate continually decreases with 


reach a very 


time 
value after about 100 
up to nearly 650°C; above this temperature 


small 


oxidation product is no longer protective. 


In a compatibilit 
beryllium and uranium dioxide, UO, pellets wer« 


test to deterrnine the 
clamped to hot-rolled beryllium sheet. Althor 3 
the reaction appeared to be restricted to smal = 
areas, it showed considerable penetration oft 
sheet even at 600°C. Further will 

required to confirm this trend and to establ 
what it in of 


work 


means terms beryllium cans " 
under reactor conditions.** . 

Corrosion 
British AGh reported to be sat 
factory at 600°C and below but unacceptable 


650 to 700°C. For some reason not underst 


resistance of beryllium in 


reactor 15s 


the corrosion seems to be much worse onc 
mercially produced tubes than on experime! 
tubes. * 

Chemical and X-ray analysis of the produ 
of the reaction of beryllium with CO 


shov 


co 


inat these are BeO and Be.C. The weight ga 
of two types of bervllium tubing and berylli 
s to 
following tabulation.’ 


nowder exposed dry CO, are given in 
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published between 1945 and 1960. Gex*® furnished 
Sn ee an annotated bibliography on electroplating on 


magnesium and beryllium with 109 references 
to the subject. W. Hodge 


yressed tubing ; 


extruded tubing ; 


Beryllium Compounds 


T 


The reaction of various types of beryllium with 
approximately 4 per cent water vapor in flowing General Atomic researchers" irradiated fuel 
helium at 550 to 600°C is shownin Fig. II-1. pellets composed of 19 vol.‘% UO, dispersed in 


a BeO matrix to an exposure of approximately 
2 x 10°" fissions/cm*® at an estimated pellet 
BRUSH QMvV POWDER J temperature of 2200 to 2300°F. The UO, was 
\ present in the form of irregularly shaped grains 
of approximately 125-u average diameter. No 
BRUSH TUBING Significant change in the dimensions of the pellets 
L Thee or in the lattice parameters of the BeO matrix 
, was observed, The crushing strength of the 
pellets and their resistance to abrasion wers 

reduced as a result of the irradiation. 
(J. Koretzky 

HIGH-PURITY PECHINEY FLAKE 


Solid Hydrides 


Zirconium Hydride 


Rate ee The heat capacities of ZrH, and ZrD, in the 
healt with «ud par Gait vane tn £ temperature range of 5 to 350°K were measure 
at Argonne.“ Figure II-2 shows the change in 
heat capacity with temperature for the two 
materials. The heat capacity of ZrH, in th 
Oak Ridge reported*® that beryllium speci- range of 20 to 100°K, although it is not shown 
nens, whether from Pechiney flake or thermally on the plot, actually was about 1 per cent 
reduced powder, were resistant to dry CO, at higher than that of ZrD., an amount believed 
all temperatures between 500 and 1000°C for to be appreciably larger than the experimental 
times up to 5000 hr, there being little difference 
between the samples except that the specimens 
made from thermally reduced powder were 
slightly more resistant than those from flake. 
Both types developed protective films. With 
addition of 3 to 4 vol.% water vapor to the 
at 700°C, the product was no longer pro- 
tive, and the rate of attack depended markedly 
n the method used to fabricate the sample. 
nples riaade from powder behaved similarly 
either CO, or oxygen at 700°C. The behavio1 
the flake samples was different, the oxide 
is being ne longer protective in oxygen afte: 
hr. 


ryllium Bibliographies 
OC 50 200 25 


‘inney*® prepared a bibliography containing TEMPERATURE, °K 
references which provides a general survey 
the unclassified literature on beryllium 





26 REACTOR 


from a brittle intergranular mode to a mode 
that allows extensive ductile elongation of grains. 
Ihe alteration of properties after annealing has 
been ascribed to purification of the matrix by 
precipitation of impurity. It has not been pos- 
sible so far to identify either the impurities 
responsible for strain aging or those responsible 
for grain-boundary strengthening. Possibly the 
two effects may be caused by a redistribution 
after heat-treatment 

Results of 
the mechanical properties of cross-rolledberyl- 


lium 


of the same element,” 

an extensive program of testing 
sheet were reported by Curtiss-Wright 
Corporation.*! The results 
of QMV beryllium from 
were reported by Lockheed.** Mechanical prop- 
erties were correlated with BeO content and 
with microstructure. Fracture, which was trans- 
crystalline to 480°C, w 
concentration at twin 


of extensive tensile 


testing 20 to 870°C 


as initiated by stress 
intersections, intersec- 
tions of twins at grain boundaries, at (1012) 
twin-matrix interfaces, and at impurity parti- 
cles, particularly carbides, Intercrystalline 
fractures, starting at 480°C, were characterized 
by void formation at grain boundaries normal to 
axes. Voids 
nucleated at carbide particles in grain bound- 
aries and presumably at other smaller unidenti- 
fied impurity particles. Boundaries of large- 
grain clusters free of impurities 
intercrystalline voids, whereas the surrounding 
fine-grain materials that did 


the stress were observed to have 


showed no 
contain impurity 
particles in the grain boundaries had numerous 


cracks and voids. 


Corrosion and Irradiation 


Behavior of Beryllium 


Beryllium tensile 


350°C 


irradiated 
to fission neutron doses up to ~2 


specimens at 
10° 
nvt and at 600°C to fission neutron doses up to 

7 x 10° 
mechanical 


tudinal 


~ | nvt showed no in transverse 


changes 
properties. No in longi 
of at 
600°C were noted. The specimens irradiated to 

3x 10*° nvt at 350°C 
temperature showed an increase in yield strength 
an 


changes 


properties specimens irradiated 


and 


tested below this 


d some loss of ductility 
could be annealed out 


. Some of this damage 


by heating above 500°C 


before testing.” 
of 
introduce two types of problems: corrosion 
2) of 
beryllium in sodium or NaK becomes significant 


The use beryllium reactor 


(1) 


yrrosion 


in a may 


and irradiation effects. The c 


CORE 


above 750°F. Beryllium is expected to be c 
patible with coolants of interest 
most ¢@ry gas coolants up to 1100°F. 

The effect of 
of beryllium does 


Organic 


irradiation on the properti 
not become apparent u 
doses are in excess of 10°' 
Thereafter the 
the ductility 
are at 


fast neutror 


is/CI 


main effect is the reductior 
if 


these 


the irradiation temperatures 


low; the volume 


temperatures 
if the 
doses 


change is negligible. irradiation te 
perature 600°C, to 3 
fast neutrons/cm* have little effect.” 

Oak Ridge found’® that the effect of irrad 
tion on stress rupture 
at 
at 
hot-pressed 
rupture 


is of up 


of beryllium tube-burst 
specimens 700°C is about the same as tl 
600°C. For 
block, th 
Strength at a 
1 Mev 
cent in terms of stress. 
| is ca 
temperature oxidation of beryllium in vari 

media, The oxidation product formed in CO, is 
protective up to nearly 750°C. In CO the oxida- 
tion product is nonprotective above 550°C, t 

rate of 
than in CO,. In water vapor and moist 
the 
reach a 


observed machined fr 
reduction 100- 
of 1.8 x 10’ fast 


is approximately 23 per 


tube 


e in 


dose 
neutrons/cm* 


Gregg et reported on the high- 


oxidation being considerably greate1 


xyg_en, 
rate continually 


very 


decreases with time 
after about 100 
up to nearly 650°C; above this temperature t 
oxidation product is no longer protective. 


small value 


test 
beryllium and uranium dioxide, UO, pellets were 
clamped to hot-rolled beryllium sheet. Althoug 
the reaction appeared to be restricted to sn 


In a to determine the compatibility 


areas, it showed considerable penetration of the 
at 600°C. Further work will 
required to confirm this trend and to establis! 
what it of 
under reactor conditions.** 


sheet even 


means in terms beryllium cans 
Corrosion resistance of 
AGR reactor reported to be sat 
factory at 600°C and below but unacceptabl 


650 to 700°C. For some reason not underst 


beryllium 
British 


1S 


the corrosion seems to be much worse onc 
mercially produced tubes than on experime! 
tubes.” 


Hits 


Chemical and X-ray analysis of produ 
of the reaction of beryllium with CO 
that these are BeO and Be,C. The weight ga 
of two types of bervllium tubing and beryll 
to dry CO, 
ollowing tabulation.’ 


the 


sho. 


powder exposed are given 


in 
ais 
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Weight 1, ug /em* published between 1945 and 1960. Gex*® furnished 
Specime: eo hr 500 hi an annotated bibliography on electroplating on 
magnesium and beryllium with 109 references 
to the subject. W. Hodge 


ressed tubing at 70 


extruded tubing at 7 


Beryllium Compounds 


The reaction of various types of beryllium with 
approximately 4 per cent water vapor in flowing General Atomic researchers"! irradiated fuel 
helium at 550 to 600°C is shown in Fig, II-1. pellets composed of 19 vol.‘ UO, dispersed in 
a BeO matrix to an exposure of approximately 
2 x 10°” fissions/cm”’ at an estimated pellet 
temperature of 2200 to 2300°F. The UO. was 
present in the form of irregularly shaped grains 
of approximately 125-u average diameter. Ni 
BRUSH TUBING J significant change in the dimensions of the pellets 
Ja tae or in the sattice parameters of the BeO matrix 
BLOCK) was observed, The crushing strength of the 
pellets and their resistance to abrasion were 

reduced as a result of the irradiation. 


(J. Koretzky 


Solid Hydrides 


Zirconium Hydride 


The heat capacities of ZrH, and ZrD, in the 
temperature range of 5 to 350°K were measured 
at Argonne.** Figure II-2 shows the change in 
heat capacity with temperature for the two 
materials. The heat capacity of ZrH, in the 
range of 20 to 100°K, although it is not shown 
on the plot, actually was about 1 per cent 
higher than that of ZrD., an amount believed 


Oak Ridge reported’’ that beryllium speci- 
mens, whether from Pechiney flake or thermally 
‘educed powder, were resistant to dry CO, at 

temperatures between 500 and 1000°C for 
imes up to 5000 hr, there being little difference 
between the samples except that the specimens 
ide from thermally reduced powder were 
lightly more resistant than those from flake. 
th types developed protective films. With 
addition of 3 to 4 vol.% water vapor to the 

at 700°C, the product was no longer pro- 

tive, and the rate of attack depended markedly 
n the method used to fabricate the sample. 
nples made from powder behaved similarly 
either CO, or oxygen at 700°C. The behavio1 
the flake samples was different, the oxide 
ns being no longer protective in oxygen afte1 
hr. 


to be appreciably larger than the experimental 


ryllium Bibliographies 
~ ior it 56 
XY . " / < 
cinney*® prepared a bibliography containing TEMPERATURE, °k 
references which provides a general survey 
the unclassified literature on beryllium 
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error. From the experimental data, thermody- 
namic functions were calculated, and S was 
found to be 8.374 and 9.168 cal/(°K)(mole) for 
ZrH, and ZrD,, respectively. Corresponding 
free energies of formation at 298°K were 

30.9 and 
with values reported by other authors. 


31.2 kcal/mole, in good agreement 


Lithium Hydride 


In studies performed at General Electric,’ 
molten LiH was found to have negligible cor- 
rosive effect on austenitic stainless steels. 
Exposures lasted 65 hr at 1325°F and 100 hi 
at 1425°F on 19-9DL alloy sheet (Universal 
Cyclops), and preliminary data on the 300- 
series stainless steels show the same behavior. 
A slight decrease in ultimate tensile strength 
was attributed to the extended heating of the 
alloy because it occurred with the 
samples also, 


control 


Scandium Hydride 


Efforts to prepare hydrides of scandium at 
Los Alamos** 
composition ScH, 92; by 
with hydrogen at 450°C and slightly less than 


have resulted in a product of the 


reaction of the metal 


1 atm of hydrogen pressure. The dissociation 
pressures observed were represented by the 


relations: 


log } 2.788— 1137/1 1 the range 300 to 650°C 


log p 5.484 ~— 3632/7 i the range 650 to 900°C 


X-ray diffraction data revealed thatthe material 
has a face-centered cubic structure, with a 
lattice constant a 4.78315 A, andatheoretical 
density of 2.581 g/cm’. Under these conditi 

in Ny value of 7.3 can be obtained wit! 
material. 


Magnesium Hydride 
Data on the magnesiu! ydro sys 
publication of I 


New Mexic 


vere reported in a 
Alamos and the 
Decomposition pressures 
from 2,31 atm at 314°C t 
Table II-4* shows the 


lynamic functions 


THERMODYNAMIC PROPERTIES OF 


MAGNESIUM HYDRIDE“ 


Only the heat of formation at 298°K has be 
reported previously, and it is in fair agreem«s 
at —16 kcal/mole. 


Alloy Hydrides 


The kinetics of the eutectoid transformati 
of a zirconium-uranium-hydrogen alloy with 
atom ratio of 1:0.03:1 have been examined 


General Atomic.” During quenching through t 

eutectoid temperature, the transformation of the 
beta solid solution to metastable a’ occurré 
rapidly 450°C, being initiated in 


than 10 sec and going to completion in al 


30 min, Below 450°C the decomposition rate 
the 


v’ decreased rapidly. The reverse reacti 
of alpha zirconium and the hydride to form bet 
phase at 600 C was very rapid, being initiat 
in less than 10 sec and being 50 per cent 
plete in 100 sec, 

The hydriding characteristics of a numbe!1 
intermetallic compounds have been investigat 
at Denver Research Institute.*’ Three compoun 
ZrV,, HfV., and ZrCr were 
poor thermal stability, but they are particularl 
interesting from a theoretical standpoint 
cause they absorb more hydrogen than does t 
sum of their individual components. This pl 
nomenon is being studied further in 

stable materials for nuclear aj 


H. H. Kx 
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Metallic Poison Materials 


Rare Earths 


Results of fabrication studies at Knolls’ indi- 
ate that erbium, gadolinium, and samarium 
uld be hot worked using standard techniques 
yr the fabrication of reactive metals. It was 
ssible to cold-work these metals about 10 per 
ent before cracking began. Europium was found 

be amenable to an unlimited degree of cold 
work, whereas dysprosium could be cold worked 


+ 


38 per cent before annealing became necessary. 


Boron 


Data obtained by Armour” in an investigation 

f the boron-carbon system indicate that a 

ron carbide exists over a solubility range of 

ipproximately 10 to 20 at... carbon at 1500 to 

2000°C. A carbide-graphite eutectic was found 

ccur at 30 at. carbon in the temperature 

re of 2325 to 2350 C. Solubility of carbon in 
was found to be very small. 

(V. W. Storhok) 


Dispersion Control Materials 


eneral Electric’ has issued a report that 
marizes data from various iaboratories 
iged in work for the AEC on boron carbide 
1 control and poison material. Data on 
ical and mechanical properties, compati- 
y, and irradiation are included. Most of 
lata were published previously, but the re- 
provides a compilation of much of the 
st data on boron carbide. One problem has 
noted which is not generally reported, 
ely, large amounts of hydrogen can be re- 
ed during irradiation. In most cases this 
wen stems from the sorption of hydrogen 


NUCLEAR POISONS 


by boron carbide at some stage of the 


pro 
ing. 

The same laboratory has studied the metal- 
lography of the borides,* and it is reported that 
most borides can be prepared by grinding with 
diamond wheels and polishing with a fine dia- 
mond compound. Etching of most borides can 
be accomplished with a mixture of 20 ml of 
water, 15 ml of HF, and 10 ml of HNO,. 

The effects of radiation upon the structure of 
hafnium diboride powders have been studied at 
Battelle.” One sample contained an enriched 
boron of about 55.6 wt.c B’’, and the second 
sample was made with natural boron (18.3 wt 
B'’). Both specimens showed a complete | 
of crystallinity after irradiation. The enri 
boride was irradiated to a 23.2 per cent 
burnup, and the natural boride was irradiated 
to a 51.5 per cent B’” burnup as determined by 
lithium analysis. Irradiation temperatures 
varied from 400 to 625 F. 

General Atomic” is investigating dispersions 
trol material for the High-Temperature Gas- 
Cooled Reactor (HTGR). After an irradiati 
at 1200°F at about one-third the exposure life- 


time of an HTGR control rod, it was reported 


of boron carbide in graphite as a possible con- 


that dimensional changes were no more tha 


would be expected for graphite after a similar 
G. W. Cunningham 


exposure. 
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Corrosion 


Zirconium Corrosion 


Hydrogen absorption by Zircaloy-2 and related 
alloys has been studied in the United Kingdom.’ 
The data indicate that the mechanism of ab- 
sorption changes during exposure to steam at 
l-atm pressure and at 300 to 600°C. During the 
growth of the interference-color oxide film, as 
much as 50 per cent of the hydrogen released 
by corrosion is absorbed, It is postulated that, 
luring this period, transport of OH ions through 


the oxide film, under the influence of an elec- 
tric field, accounts for the entry of hydrogen. 


From the tizme the interference colors dis- 
appear until transition, little hydrogen is ab- 
sorbed. This is believed to be due to the re- 
lease of hydrogen atoms at surface sites where 
they recombine to form molecular hydrogen 
faster than they can diffuse through the oxide 


ilm, 


After transition, hydrogen absorption is again 
high, since it is released at the bottom of pores 
rx breaks in the oxide film rather than on the 
uter surface, thus increasing the chance of 
liffusion into the metal before molecular hydro- 

is formed and released. 


Experiments are being conducted at Hanford 
nic Products Operation (HAPO)* to test the 
thesis that the oxygen content of the water 

influence hydrogen pickup in Zircaloy-2 

-4, Studies conducted in water at 400°C 

aled that hydrogen pickup is higher for 

ygenated water than for that containing 3 to 

n oxygen. Zircaloy-2 picked up about twice 

as much hydrogen in refreshed deoxygenated 
r as it did in an oxygenated system. 

(W. K. Boyd) 


Aluminum Corrosion 


The possible use of aluminum 
ding of free-standing oxide pellet fuel 
Experimental Boiling-Water Reactor 
is being studied at Argonne National Laborat 
(ANL).” Samples of Alcoa’s impact-extruded 
tubing, made from A-288 (1 wt.% nickel—0.5 
wt. % iron—0.10 wt.% titanium as atomized pow- 

er), have been corrosion tested for 120 days 
in 290 and 360°C water. Rates were 1.2 and 
0.5 mils/year, respectively, which is equivalent 
to the rates for the wrought product. The 

der products, however, show a 

blister during corrosion testing, es} 

260°C. 

Metal growth during corrosion tests has been 
observed at Hanford* for aluminum alloys. 
Owing to compressive stresses developed inthe 
oxide films formed in 360°C deionized water, it 
was found that X-8001 aluminum samples grow 
both in length and width. Studies to determine 
the magnitude of the stresses developed are 
being conducted for both aluminum- and Zi: 
conium-base materials. 

Some of the factors that affect the corz 

rate of aluminum alloys have been studis 

the United Kingdom.’ The investigation cove 

(1) the relative corrosion behavior of 

alloys, (2) couple tests with stainless steel, (3 
placement in autoclave, (4) temperature change 
in the system, and (5) prefilming under static 
conditions before dynamic exposure. In gen- 
eral, the effect of most of the variables 
small. However, prefilming in 325°C water \ 
found to reduce corrosion rates by 

3 to 4 in dynamic systems for at le 

ol exposure, 

In studies at Argonne,” the corrosi: 
of pure aluminum and some of its 
superheated steam (400 to 540°C, 
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psig) was found to depend markedly on the 
technique employed during startup of the cor- 
rosion test. For example, unalloyed aluminum 
specimens survived only those tests in which 
the system was brought rapidly to operating 
temperature and pressure. On the other hand, 
aluminum-nickel-iron alloys were resistant only 
if a slow startup procedure was employed; they 
blistered and disintegrated completely in a test 
using a rapid startup. (W. K. Boyd) 


Corrosion of Stainless Steels 


The corrosion behavior of types 304L and 347 
stainless steel inneutralized zirconium-— hydro- 
fluoric 
waste neutralized with paraformaldehyde has 
been determined by Phillips Petroleum Co.' 
After 6 months’ exposure at 60°C, corrosion 


acid waste and in aluminum nitrate 


rates of both materials ranged from 0.0002 to 
0.005 mil/month in the aluminum waste neutra- 
lized with paraformaldehyde and 0.09 to 0.12 
mil/month in the neutralized zirconium waste. 
These low rates and the absence of pitting at- 
tack suggest that either alloy would be a 
suitable storage-tank material. 


At Hanford,’ two-year tests in 360°C de- 
ionized water have shown type 446 stainless 
stee] to be the test alloy for service in the 
water system for the Plutonium Recycle Test 
Reactor. Types 316, 347, and 304 stainless 
steels evinced corrosion rates about five times 
that noted for type 446. However, penetration 
for the worst alloys was only of the order of 
0.01 mil in the two-year period, based on 
weight loss of stripped corrosion coupons. 

(W. K. Boyd) 


Niobiurn Oxidation 


Studies at Oak Ridge National Laboratory 
(ORNL)’ have shown that niobium alloys, which 
are quite oxidation resistant at atmospheric 
pressure, generally oxidize faster than unal- 
loyed niobium at 5 » 10°* mm oxygen pressure. 
However, the low-pressure oxidation resistance 
of niobium at 1000°C is improved by additions 
of 0.5 to 1 wt.% of elements forming highly 
stable oxides, such as aluminum and zirconium. 
Elements 
with oxides that are less stable than Nb,O,, 


such as molybdenum or tungsten, 


have little effect on the low-pressure oxidation 
behavior. Thus new niobium alloys may be re- 
quired for long-time service in semiprotective 
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atmospheres, such as argon containing trac: 
of oxidizing gases. 

Additronal 
that internal oxidation of 
serious at very low pressures. At 850°C, und 
oxygen pressures of 5 x 10~’° to 5 x 10°* m 
oxygen diffuses into niobium and forms Nb 


studies at Oak Ridge’ indica 
niobium becom: 


along grain boundaries. These internal oxid 
grow and erupt at the surfaces, forming NbO 
and traces of Nb,O;. At 850°C, the oxidati 
rates of niobium in 1 x 10° mm oxygen 
760 mm air are about 0.3 and 40 mg/(cm*‘)(h: 
respectively. 

Protective coatings for niobium are unde! 
development at Boeing Airplane Co., Chanc: 
Vought Aircraft, Inc., Pfaudler Co., and Thomp- 
son Ramo Wooldridge Inc., according to recent 
information from the Defense Metals Inform 
tion Center.'' These are primarily silicide- 
base coatings modified with additions including 
aluminum, chromium, boron, and titanium. The 
protective life of these coatings is on the order: 
of 10 hr at 2700°F (1480°C) and 1 hr at 3000°F 
(1650°C). 


Molybdenum Coatings 


Recent studies on molybdenum have been 


concerned with the development of protective 
coatings.'' These coatings, like those for nio- 
bium, are primarily silicide base. The coatings 
also exhibit the same order of protectiveness 
to molybdenum as quoted above for niobium. 
Superior protection for molybdenum is af- 
forded by a coating developed by American 
Machine and Foundry. This coating, whi 
contains silicon and is applied by the pack- 
cementation method, protects molybdenum !f 
8 hr at 3200°F (1760°C) and 45 min at 4200 F 
(2320°C). The coating also is partly self-healir 
(W. D. Kilo} 


Corrosion of Base-Metal Alloys 
(tron, Nickel, Cobalt, Chromium) 


Additional 


(regular and modified) and Inconel 702 
cladding materials for a gas-cooled react 
were continued at Aerojet-General.’* Exposu: 
to the 300-psi, 1750°F, nitrogen 


were 


0.5 wt.% oO 


gen reference environment continu 


Further observations of the loss of ducti 
after 2500 hr in the reference gas, nitrog 
wt.% CO, and air 


nitrogen—0.1 have. be 


corrosion tests on Hastelloy xX 





Ce 








een 
tive 
nio- 
ings 
ness 
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The results of heat-treatment studies 
that metallurgical instability during 
service may be the chief contributor to the loss 
luctility, rather than corrosion.” If so, the 
radation in properties can probably be con- 
































[he French report stress-corrosion cracking 
660° F 


dissolved 








Inconel in 
about 0.15 


j 





static water containing 
ml of liter. 
Exposure times were four to five days. Similar 
behavior 17-4-PH steel at 
Bettis after six days in static 600° F water con- 
5 to 
0.06 











oxygen per 




















was observed for 




















taining 10 ppm oxygen, Static degassed 











yater (|< 





ppm oxygen) did not promote 











stress-corrosion cracking in over 500 hr. 
Realistic environmental tests,'* simulating 
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Pressurized-Water Reactor (PWR) startup and 
peration, revealed no stress-corrosion crack- 
ing in 17-4-PH steel in 500 hr. It thus appears 
that both oxygenation and stagnation contribute 
and perhaps are essential) to stress-corrosion 
cracking, 

Continued work at ANL!® showed that, for 
‘ertain low-alloy steels, the dissolved oxygen 
required to attain desirably low oxidation rates 
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in pressurized hot water can be decreased rela- 

tive to that required for iron (see Reactor Cor 
lalerials, Vol. 4, No. 2, pages 33 and 34). Ad- 
litional investigations were recommended, 










Magnesium Corrosion 






French work*’ has demonstrated that the tem- 
perature to which magnesium retains oxidation 
resistance in moist air can be raised from 660 
to 915° F by promoting the formation of a fluo- 

e film on the surface ofthe magnesium, This 
ilm can be formed by treatment in HNO,-HF 
cid (4 and 2 vol.% of commercial acids, re- 










pectively, in water) prior to exposure, or by 
he addition of as little as 0.003 mg/liter (at 
i-atm pressure) of HF tothe corrosive environ- 
ment, inhibition is reported to be effective for 
several thousand hours. This finding is in gen- 
el igreement with work done at ANL (Reac/lo 
Valerials, Vol. 4, No. i. page 44). 


(E. S. Bartlett 












Corrosion by Liquid Metals and Fused Salts 





a program at Rocketdyne Division of North 
rican Aviation, the compatibility of poten- 
useful containment 

le vated-temperature 






materials with 





being in- 
gated. A variety of capsule corrosion ex- 


potassium is 
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TERIALS 3 


periments have been run, and large-scale flow- 


loop corrosion systems are in the design and 
construction stage.“’ Experiments with Hastel- 
loy X capsules 
and niobium 


containing inserts of niobium 
1 wt. zirconium alloy, which wers 
operated at temperatures up to 2000°F and for 
periods up to about 350 hr, 


above 


iemonstrated that, 
1450°F, the refractory-metal specimens 


lose weight and surface coatings f 


nitride, The effects are 
pronounced enough to lead to a recommendatior 


ii Ai 


levelop 
niobium carbide and 
against potassium pumping loops incor; 
a nickel alloy 
All-refractory-metal (niobium-zirconium all 
capsule 


rating 


refractory metal combination, 


experiments were also conducted. The 


served specimen weight changes were quite 
low at a temperature as high as 2200°F fo 


period as long as 140 hr. 
in any of the 
potassium; the 


No attempt was made 


experiments to purify the 


possibility 


was advanced tnat 


the minor corrosion effects observed in the 


all-refractory-metal cases could be 


ittributed 
to trace amounts of oxygen. 

International re 
lines: 


1. Coatings and coating techniques were in- 


A 


Investigations at Atomics 


sulted in 


information along the following 


vestigated as means of preventing the de- 


crepitation of graphite in high-temperature 
The c 
nickel, zirconium 


tungsten carbide, silicon carbide, silicon nitride, 


sodium. yatings examined included chi 


mium, Zirconium, carbide, 


and molybdenum disilicide. None gave 


factory protection during 1000°F exposures. In 
all cases the failure 


satis- 


stemmed from porosity or 
cracks in the coating materials. 

2. In experiments designed to e' 
gen as a substitute for helium i 


that, at 1000 F, 


cover-gas 
sodium systems, it was found 
304 will 
particularly in zones just below 


type stainless steel 


nitride rapidly, 
the s 


nitrogen interface. The degree of nitridin b- 


served will produce increased yield strengtl 


accompanied by decreased ultimate strengt 


and decreased ductility. 

Recent information reported by Oak R 
connection withthe Molten Salt-Reactor | im 
includes the following: 

1. A pumping-loop experiment \v n- 
jucted** to examine the « ympatibility of INOR-% 


and graphite (low-permeation Nati 
CT-1-23-82, 82.4 per cent {i the the 
density) with 


grade 
retical molten fluoride LiF- 


BeF.-UF,) salt circulating at a peak t pe 











ture of 1200°F. After 8850 hr of 


there was no evidence of appreciable corrosion 


operation, 
or carburization of the INOR-8, and very little 
permeation of the graphite. 
2. A variety of data are 
continuing studies 


presented*’ from 
of the chemistry of fluoride 
salts. These cover ) phase equilibria for and 
solubilities of HF and BF, in several salt mix- 
tures, (/) oxide behavior in selected mixtures, 

density and viscosity characteristics and 
characteristics relating to the wetting of graph- 


ites, and analytical chemistry procedures. 


A 


A continuing tudy of the attack of structural 


materials by metals is in force at the 


Naval Research Laboratory. The concentrati 
and transport of type 347 stainless steel 
isothermal lithium were investigated“ by ust 
radiotracer techniques. Data established fr 
one-month exposures are 
IV-1. The 


* 


ilso been 


presented in Tal 
solubility of nickel in sodium h 
investigated.** Data are given 
Table IV-2; equilibrium in this system appe 


to be established within 2 hr. J. H. Sta 


Metal-Water Reactions 


Vallecitos Atomic Laboratory 
lished some “speculations’’ regarding the 


recently pu 


potentially hazardous, chemical reaction 

tween a metal and water which might occu: 
a nuclear reactor. It is believed that this c 
occur only above the melting point of the met 
I'm. There is a critical temperature, 6 > T, 
at which the process changes over from t 
slow corrosionlike reaction to onethat proces 
with explosive speed and violence. For t 
alkali metals, 6 is only 
I'm. The 
perimentally determined for three high-meltin 


slightly greater th 
critical temperature @ has been ¢ 
point metals, aluminum, zirconium, and ura 
nium; it is shown that 
to the 
pressure is 0.15 mm for these cases. This r¢ 


}is approximately equ 
temperature at which the metal va; 


lation suggests that the initiation of the violent 


metal-water reaction for refractory metal 


may be a vapor-phase phenomenon. On tl 
basis of this hypothesis, and the empirical c 
relations developed, predictions of the value 

are presented for a number of other metal 
for which experimental data are not present 
available. Table IV-3 gives these predictior 
for many metals and compares them with « 
perimental data where available. 

A bibliography of literature concerned wit 
various aspects of research performed for the 
Atomic Energy Commission on metal-wat 
reactions has recently been published by Knol 
Atomic Power Laboratory (KAPL).*°° 


A 


(A. W. Lemmon, J 


Radiation Effects 
in Nonfuel Materials 


Defects: Structure and Properties 


ls. Focusing collisions in platinu 


used to explain the preferential format 
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lefects at coherent twin boundaries. Damage 
produced from fission recoils with concen- 


itions up to 2.5 x 10! 


example. 


this direction beco 


cm* and observed in 
in foils with transmission electron micros- 


cuSing direction; 
The 


y. Primary collisions on either side of th« ut of 


in boundary will cause focusing in the “110 
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tion. Wehner et al.’ have expanded their 
studies of surface bombardmentby <1-kev ions. 
Preferred directions of ejection are observed 
for the atoms sputtered from the single-crystal 
surfaces. These preferred directions are the 
close-packed directions and serve as strong 
evidence to support the concept of a momentum 
transfer process in sputtering. The first of 
their reports®! discussed Hg* bombardment of 
copper, nickel, gold, iron, and germanium, in 
which germanium was found to act more like 
the body-centered cubic (bcc) materials. The 
second paper®’ expanded the studies to include 
bombardment with Ne’ and Ar’ and added 
molybdenum, vanadium, tungsten, titanium, sili- 
con, anda brass as targets. The bcc patterns 
show a fine structure characteristic of each 
material. Bombardment of germanium and sili- 
con produces interstitials, which implies a 
transformation from the diamond to a more bcc 
structure. At these energies the phenomena 
observed are surface effects, and focusing 
chains are a few atoms long. Sputtering yields” 
are about 0.2 atom/ion, Another group has re- 
ported™ the effects of obliquely incident ion 
bombardment. 

Gold wires, 0.008 in. in diameter with 99.999 
per cent purity, were irradiated’ with electrons 
from a 2.5-Mev Van de Graaff at 10.5and 13°K. 
Imperfection annealing was studied by measur- 
ing the electrical resistance at temperatures uj; 
to 260°K. Activation energies for the various 
processes range from 0.037 ev at the lower 
temperatures to 0.13 ev. First-order kinetics 
are assumed for these calculations. Differences 
between goid and copper annealing, in terms of 
absence of some stages of annealing, are ex- 
plained by assuming that, in gold, clustering of 
interstitials predominates over recombination 
once the defects start to move. Resistivity in- 
crease per atomic per cent of Frenkel pairs in 
gold is reported to exceed 2.8 x 10° ohm-cm. 
Pervakov and Khotkevich” observed that the 
energy for the formation of vacancies in 
quenched gold was 19 kcal/g-atom. Calori- 
metric techniques were used during the vacancy 
annealing. 

Anisotropic growth (elongationinthe <1 120 
direction) produced by fission-fragment damage 
has been observed®’ in zinc, zirconium, tita- 
nium, and cadmium at —196°C and in zirconium 
and titanium at 75°C. No growth of anisotropy 
has been detected in beryllium, magnesium, or 
the Growth rates at —196°C de- 


cubic metals. 








crease wil 


G © 70 for 
Previqus theories 


th decreasing atomic mass fr 


cadmium 


to G © 15 for titaniu 


of irradiation growth h 


been unable to explain these results. The 
pendence of growth rate on atomic mass s 


gests a mechanism depending on the generati 


of widely 


separated 


groups of vacancies 


interstitials in displacement spikes. Itis sh 


that the stresses available are sufficient 


overcome 


energy ane 


the anisotropy of dislocation-1 


1 force vac 


‘ancies and interstitials 


condense on different planes, which results 


an anisotropic shape change. Elongation due 


interstitial clusters 


minimum thermal expansion, whereas the el 


gation due 


tion of maximum expansion. Itisalso suggesté 


is in the direction 


} 


to vacancy clusters is in the dire 


; 


that an observed disappearance of a temper! 


ture-dependent growth rate above self-diffusi 


temperatures 1S a 
yf the defect clusters. 


annealing 
Seege! 


periments 


manifestation of thermal 


et al.*’ reported on annealing « 


in polycrystalline nickel wires tl 


were drawn at room 


temperature. By the 


wf techniques of internal friction and the var 


were able 
in Copper 
as oppose 
The same 
sults of 

liensities 

have peen 


thermal 


bium and vanadium crystals. 


to conclu 


is due to monointerstitial migrati 


1 to aproce 
conclusior 


Kronmuller.’” Increased dislocati 


} 


tion of initial ferromagnetic susceptibility, tl 


le that stage III annealins 


Ss involving diinterstitial 


is are drawn from the 


jue to neutron irradiation at 3 


bserved 


-onductivity 


cancy concentration 


measurements in the normal state. Clarebrou 


by means of the change 


in superconducting ni 


4 
+ 


Increase in 1 


is studied by electri 


et al.*’ have observed an impurity effect in 


innealing 


ff cold-worked nickel. The result 


4 


indicate that recovery processes involving 


locations 


nickel at temperatures below recrystallizati 


; 


ils 


that operate in 99.6 per cent pur 


are completely inoperative and hence absent 


the recovery of the 99.85 per cent purity n 


terial. 


Changes in density, X-ray 


and line 
neutrons 
gated in 


breadth due to doses of 1.4 


cm* (fast) 
aluminum, 


at 50°C have been inves 


copper, palladium, g 


y 


] 


platinum, iron, molybdenum, tungsten, and z 


conium,* 
showed a 


rameter, 


Only zirconium and molybden 


measurab 
indicating 


zirconium, from the 


le increase in lattice 
interstitial formation. 
increases observed in 


lattice parameter, 


t 
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ind c directions, the conclusion was drawn 

t the interstitials form platelets in the plane 

taining the c axis. The molybdenum in- 
reases are somewhat less than those reported 

Gray and Cummings,** but they are explained 

terms of impurity contents. Significant line 
broadening in copper, gold, and platinum indi- 
cates that stable interstitials or vacancy clusters 
have probably formed which produce isotropic 
strains. Relation of the observed data to other 
experiments is discussed in detail; however, it 
is presently impossible to isolate particular 
defect structures in any of these metals other 
than those specifically discussed. Nickel crys- 
tals have been irradiated with 3-Mev electrons 
from a Van de Graaff generator and studied 
with the Kossel line technique.‘ Lattice pa- 
rameters and X-ray line widths are reported 
for doses of 10'*, 10'", and 10 electrons/cm? 
at liquid-nitrogen temperatures. All defects 
are annealed by heating to 400°C. At room 
temperature the defects are Frenkel pairs as- 
sociated with impurities or other sinks. Lat- 
tice constants are reported in some cases to 
me part in 300,000. 

Makin et al.*® have used interstitial loops to 
explain their observations of dislocation-loop 
formation in copper irradiated at -—195°C. 
Foils 0.001 in. thick were neutron-irradiated 
to 3.1 x 10!" fast neutrons/cm’ and transferred 
cold to an electron microscope for observa- 
tions at —50°C. The observed loops formed 
below this temperature must be due to inter- 
stitials since the vacancies are not mobile even 
at -50°C. This conclusion is also supported by 
ther experimenters. Some of the temperature 
dependence of lattice hardening due to irradia- 
tion can be explained by the use of loops; how- 
ver, the authors point out that loops are not 

sole cause of the hardening. Loop size is 
considered in terms of formation due to 
rease in dose and its effect on the hardening. 
enfield and Wilsdorf** have reported further 
their extensive studies of neutron effects in 
plastic deformation of copper. Plastic de- 
nation has been observed*’ to greatly en- 
‘e the annealing of gold quenched from 
C. Activation energies are 0.82 ev before 
rmation and 0.64 0.03 ev after deforma- 
This change is explained by supposing 
the vacancies prefer to exist as divacancies 
‘ dislocations. 
unford reports further studies on fission 
age in thin metal films.*® They report that 


the damage as observed by transmission elec- 
tron microscopy is a function of the distance 
between the fission-fragments path and the free 
surface of the metal film and is not subject to 
contrast effects produced by different thick- 
nesses of the metalsused. Platinum, palladium, 
and germanium show different effects and have 
different fission-fragment-scattering powers. 
Aluminum foils (1000 A) with larger grain 
sizes show tracks due to decrease in effective 
electron-scattering power in the grains. This 
is probably due to the uniform diffraction of 
electrons in the large grains, giving rise to 
considerably different contrast effects. 

Hanford also reports lattice-constant meas- 
urements in high-purity aluminum foils.*° 
Values ofa, were obtained from d-spacing 
measurements for four high-angle lines (331, 
420, 422, and 333). 


Line broadening was very slight. 


Defects in Metal Allo The trapping of va- 
cancies by solute atoms in a neutron-irradiated 
aluminum—5 wt.% magnesium alloy has been 
studied by Nilson.*® Low-frequency internal- 
friction data were used in studying the shift of 
a damping peak (~ 150°C) to lower tempera- 
tures. This shift results from a reduction in 
relaxation time for the damping process as the 
vacancy concentration increases and trapping 
occurs. 

Carbon precipitation in @-iron was studied by 
Hull and Mogford’’ by means of transmission- 
electron microscopy. At 100°C the carbon pre- 
cipitates into platelets that grow in size t 
about 400 A (diameter) after 72 hr in a flux of 
1.5 x 10'' neutrons/(cm*)(sec) >1 Mev. The 
plates along (001; planes are described as a 


Oo 

_ 

_ 
‘ 


monatomic layer of carbon in the 0, 0, and 
interstitial sites. Annealing experiments re- 
vealed that the plates were replaced by needle- 
shaped particles at about 250°C. 

Helium is found to precipitate along disloca- 
tions in an aluminum-—0.1 wt.% lithium alloy. 
The helium was formed from the Li’ trans- 
mutations during an irradiation of 220 hr at 
10° nv and at a temperature of 60°C. Etching 
indicated that the precipitates form continuous 
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10 A. Brinkman di 
the dislocations. placement spikes are used to explain the 1 


yr semicontinuous cylindrical cavities along to dimensions of about 


Batenin™ has extended his work’’ on neutron sults, taking the layer structure of graphite i 
damage in metals and alloys up to doses of 10° account. Room-temperature irradiations res 


: 


neutrons/cm’*. X-ray line half-widths increased in holes in the graphite planes, with interstiti: 


by 20 for copper and iron but showed little between the layers. The energy release 
, , _ 9 . de tne sing of _ a - 

chauge for the iron alloys studied. This in- 200°C is due to closing of these holes. Inc 

creased line width is explained in terms of re- plete closing causes dislocation dipoles, whi 


duction of the size ol the region if coherent then move by grlide and cluster, explaining 


seattering and the increase in microstress. release of energy from 200 to 1300°C. Ab 
Dislocation pinning was also observed in the 1300°C, diffusion mechanisms allow cli! 
alloys by an increase in microhardness. which results in the annihilation of the 

. locations. A critical dose of 6 x 10°" neutro: 
Olive UV Nuclear mag- 


eet “ach cm’ is interpreted as the threshold for int 
netic resonance (NMR) and electron-spin para 


action of the holes, and thus the probability 


nagnetic resonance (ESPR) are being usé 
amy, Hil the formation of dislocation dipoles increa 
to study neutron damage in LiF. Three su F 
rapidly. Blackman” also discusses some of 
cessive dose intervals have been observed; A} ; ' 
ad eo structures that he observed inirradiatedgr 
to 10 nvt, ESPR data indicate that the numbs ads 
/ ite. Reynolds et al.** have reported on natu 
ft electron spins produced by the irradiatl 


ite crystals that were annealed afts 
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Atl 


10 neutrons/cn 


tnls 10S¢€ Spll ( enul 10th 5S raves a 
; eratures fron 50 to . WT, nlet 
Above 10° nvt, NMR ta show tha 10rine peratures from 150 to 650°C. Complete 
f P P P ‘ very was observed at temperatures 
is forms at a rate n se up 
10 . ; ‘ ’ = 1700°C. The results are used to support 
. ert nis elite ] € L.DOVE ‘ 
) : statement that highly stable defect comple 
1( + t + y 
nvt, lithium meta I llect ters : : 
to f — f — . ire formed by annealing of low-temperatu 
LOTITI CULIVUIGCS A | t i A Simli 7 7 
si in NaF F lamage. The buildup and thermal annealing 
studies in NaF show 1 rval 


, stored energy in graphite has been studied 
collections. ns 
Hetrick it temperatures up to (00 C. Ase! 
Lattice expansion n LiH of 0.002 ).0007 : 
: empirical description of the annealing, whi 


lid for exposures up to 500 Mwd/central 






terms of three six-orde1 








liscrete activation ene 


The rate constant is assumed to be indepen 





f exposure when determining the depend 
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cCuecil it: Cannot pl f c ica ( » . 
esses with the higher activation- energies 
in NaCl. Formation f Cl interstitials : 
a ea uund to be increasingly important as the 
vacancies Frenkel detects) cou expialn this 
pa : increases. Also, the activation energy of « 
increase. Such Frenkel defect formation has 


process increases with exposure. 


center formation in NaC] Neutron-irradiated quartz has been fou 


splay an anisotropy in in luced strain of t 









recelvea were I tne rae 
al. nave lita 


juency factor associate 
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10°° fast neutrons/cm* has 


the hexagonal plans ‘aused by atomi lis bserved to transform crystalline quart: 
placements. Bollman has used dark-fiel vitreous silica into the same isotropic 
electron microscopy to observe defects pro- stance. The transformation was observe 
duced by neutron irradiation of graphite dow means of density changes, thermal expansi 
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rnal energy, and elastic and piezoelectric nesium, zirconium, and their alloys. His bibli 
stants. Quartz crystals pass through a state graphy is annotated extensively and covers the 













h the symmetry of 8-quartz before reaching period from 1952 to early 1961. 
this isotropic state. On reheating, depending on The proceedings of the European Regional 
neutron dose, the samples can be trans- Conference on Electron Microscopy, hel at 
med back into vitreous silica, crystalline Delft in 1960, have been published. Of par 
rtz, or another structure. ticular interest are sections on lattice defects 
islocation loops** have been formed in thin and transformations in metal lattices which 
mium crystals at —90°C. The vacancy loops appear in Vol. 1. Section IIA (Nature and Be- 
formed while the specimens are being ob- havior of Defects) of the recent compilation of 
ved by transmission-electron microscopy. the USAEC basic research programs in solid 
The filament gives off negative ions of unknown state physics and metallurgy is of general 
rigin that are accelerated and strike the speci- interest.’* Three other surveys are of interest: 
ns, forming the loops which expand upon Linnenbom reported on damage mechanisms 
further irradiation. T. G. Knorr in insulators, Weil introduced the radiati 












lamage at low temperatures, an Xe 
Theories of Radiation Effects Allio'' discussed radiation effects on recovery 
, if mechanical properties in metals. 
Lehmann and Leibfrie have added to theiz ; ; I k 
he \J-« ‘ 
lculations on focusing collisions in face- 
entered cubic (fcc; lattices. This paper is 





specifically concerned with focusing in «110 





lirection, and the authors show that, for smal] 


as 





ular deviations from this direction, exact 






tment of subsequent collisions is possible. 
compare their results with the machine Workers at Oak Ridge’ have als 
ilations of Gibson et al. and find practi gated the efiect of irradiation ont f 





lly complete agreeme 


Russian report liscusses a method fo1 











tudying the processes of slowing down fissi 





lucts in metals and alloys. Specific energy 





es as a function of particle range are re- 







ed in an ionization fission chamber. Re 


ire reported for light and heavy fissior 





nents being stopped in gold and aluminum —_—— 


int-defect annealing kinetics in metals are 






issed in detail by Sosin. Impurity content 
allow 
letermination of the recovery at various 


es. r. G. Knorr 


binding effects are also considered to 


















Surveys on Radiation-Induced Defects 






neyard commented, in a brief review of 





ition effects, on the machine calculations of 


tion-displacement events which are being 





icted at Brookhaven and which have been 
+ ; 


ted previously.°’ Kishkin reviews th 






uation effects produced in structural met- 
based on the formation of Frenkel defects. 


7 
t ] 


etals, Kishkin reports that 
if the liffusion activation | 
is less than 92 kcal/mole. Uhlmann 


yS radiation effects in aluminum, mag- 
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REACTOR CORE 


properties of structural materials. Stress-rup- 
on AISI type 304 
stainless steel in reactor fluxes of approxi- 
mately 1 x 10'° neutrons/(cm*)(sec) at 1300, 
1500, and 1600° F. When compared with results 
from stainless steel tested without irradiation, 
the ductility at rupture decreased by a factor of 


ture tests have been made 


2 to 10. Strain at rupture was as low as 1 per 
cent at 1500 and 1600°F. Results are given in 
Table IV-4. 

Investigators at the Naval Research Labora- 
tory’ have examined two pressure-vessel 
steels, ASTM A212 grade B and ASTM A302 
grade B, after irradiation in the Low-Intensity 
Test Reactor at 260, 400, 450, and 550° F. Post- 
irradiation examination by impact testing showed 
no appreciable effect of irradiation for these 
materials irradiated at temperatures of less 
than 450°F. An increase of 100° F inthe ductile- 
to-brittle transition temperature was observed 
for both steels. The increase was shown to be 
linear with the logarithm of the neutron-flux 
dosage for irradiation temperatures up to 450° F. 
The data from materials irradiated at 550 F 


NSILE PROPERTII 


[RON- AND NIC 


MATERIALS 


showed a similar linearity, but displaced tow: 
lower transition-temperature shifts. 
Irradiation studies at Hanford*’’”’ includ 
study on the effect of irradiation of iron- a 
nickel-base alloys at 650°C and the anneali 
kinetics for unalloyed iron. The 


nickel-base alloys were irradiated to 2.5: 


iron- 


10°° nvt (thermal) in a graphite-helium envi: 


ment. Control specimens were annealed i: 
similar environment at 650°C. The results 
shown in Table IV-5. Recovery studies of 
radiated iron by elevated-temperature anne 
ing have shown property changes that have be: 
related to mechanisms ofirradiation. Recovery 
was shown to occur in iron exposed to 4 x 1 
neutrons/cm* in three stages associated with 
various temperatures that were dependent uj; 
the irradiation level. These recovery ranges 
and stages were associated with various activa- 
tion energies and mechanisms of the irradiati 
process. 

Investigators at Hanford*® examined, by burst 
testing at 337°C, eight Zircaloy-2 tubes after 


exposure to 1 x 10’* neutrons/cm*‘. Initial hoo; 


UNIRRADIATED 
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strengt 
1000 p 
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resses were in the range 46,000 to 49,000 psi, 
ich produced rupture times of 0.1 to 30 hr. 
Strength and ductilities were comparable to 
those of unirradiated Zircaloy-2. 

Other materials that have been studied in- 
jude beryllium, Inconel, niobium, and aluminum 
alloys. Investigation of tubular beryllium ir- 
radiated at 700°C to exposures of 1.8 x 10°” 
neutrons/cm* (>1 Mev) by Oak Ridge”™® shows a 
reduction in 100-hr rupture time by 23 per 
cent. The irradiation of two aluminum alloys 
M-388, an aluminum-nickel alloy, and M-257, 
an SAP product) was carried out at Hanford.*® 
Exposures were 7 10'*, 3.19 107°, and 
6.25 x 10°° neutrons/cm’ (thermal). Tensile 
properties are compared in Table IV-6. 

A good review of the effect of irradiation on 
structural properties was preparedby Hanford” 
personnel for materials associated with reactor 
construction. (F. R. Shober) 


Selected Mechanical Properties of 
Cladding and Structural Materials 


At Hanford“ the activation energies for creep 
f Zircaloy-2 were investigated in the 50 to 
275°C temperature range. Values are between 
15,000 and 30,000 cal/mole in the 50 to 190°C 
range and 75,000 cal/mole at 277°C. The acti- 
vation energies at the lower temperatures ap- 
pear to be both stress- and strain-dependent, 
whereas the activation energy at the higher 
temperature appears to be related to strain 
aging in Zircaloy-2. 

rhe creep and fatigue properties of Hastelloy 
X at elevated temperatures have been reported 
by Aerojet-General.'® The rupture time for 
1000-psi stress at 1750°F was found to be 
6619 hr, and the specimen showed about 47 per 
ent elongation in 2 in, The 10-hr rupture 
strengths for coarse-grained Hastelloy-X tubing 
at 2000, 1800, 1600, and 1400°F were found to 
be 1600, 3000, 5100, and 24,000 psi, respectively. 
)- curves for Hastelloy-X fuel-pin tubing 
indicate that failure will occur at 10° cycles 
under the following conditions: 


Stress, psi Temp., °I 
35,000— 38 , 00 1400 
18,500 L600 
8, 70¢ 1725 
5,300 L800 


3,200 2000 
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A review of recent developments of niobium 


and tantalum alloys has been prepared by the 
Defense Metals Information Center at Battelle 
Memorial Institute.” The properties of several 
promising alloys for high-temperature applica- 
tion are tabulated. One of particular interest 
was a niobium—14 wt.% tungsten alloy which 
has tensile strengths of 25,000 and 50,000 psi 
at 2400 and 3500°F, respectively. Good fabrica- 
tion properties are reported for this alloy. 


F. R. Shober 


Selected Metallurgical Aspects of 


Cladding and Structural Materials 


Refractory Metals 


rT ; 


heniun Russian investigators” have plotted 
the constitution diagram of tungsten and molyb- 
denum solid solutions with up to 50 wt.% rhe- 
nium. The alloys with cross sections parallel 
to tungsten-molybdenum, with contents of 10, 
20, 30, 40, and 50 wt.% rhenium, were analyzed, 
and three isothermal cross sections of cast 
alloys, annealed at 1750°C for 3 hr and at 
1000°C for 450 hr, were plotted. The solubility 
of the solid solution at 1000°C extends from 
the binary tungsten alloy with 32 wt.’ rhenium 
to 46 wt.% rhenium, The system forms the 

phase; the binary a phase is found between 
the o phase and the ternary solid solution. The 
alloy with 40 wt.% tungsten—20 wt. molyb- 
denum is a single-phase ternary solid solution 
at the threshold of solubility, which transforms 


to binary two-phase a at lowered tempera- 


tures. 
Phase Studies of Hron im-Niobiun he 
denum. Recent Russian™ work has been con- 


cerned with investigation of the ternary alloy 
chromium-niobium-molybdenum. Microstruc- 
tural examination showed that the ternary a 
solid solution of chromium, niobium, and molyb- 
denum was found in the chromium and niobium 
corner. This region expands with the increase 
in molybdenum. A large two-phase region of 
Cr,Nb and ternary @ solid solution is adjacent 
to the chromium-niobium side. The boundary 
was found for the Cr,Nb two-phase region and 
y solid solution for 1500 to 1000°C. X-ray 
studies uncovered the ternary solid solution of 
chromium, niobium, molybdenum, and Cr,NI 
compound. The microhardness of the alloys 
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indicates two phase differences in microhard- 
ness, the Cr.Nb compound with 1200 to 1850k 
mm* and ternary a@ solid solution with 250 to 


700 kg/mm 


é pia }?*} ee) l¢ - 


The heat capacities of molyb- 
lenum and tantalum are reported by Atomics 
International”® to show a gradual rise above 
their Dulong and Petit values of 0.06253 and 
0.03316 cal/(g)("C), respectively, at elevated 
temperatures. At 2800°K, Cy (molybdenum 
0.1350 cal/(g)(-C) and at 3200°K, « p(tantalum 
0.0667 cal/(g)("C). These anomalies were noted 
in other transition metals. The per cent elonga- 
tion, relative to room temperature of ZrC, was 
measured between 1000 and 2000°C and was 
found to vary linearly from 0.6 per cent at 
1000°C to 1.6 per cent at 2300 C, witha perma- 
hrs 


nent set occurring above 2300 








ET Silon Phas n hefra \ ) ° Ar- 
gonne workers found’*’ that the addition of 
10 at% iridium to a NbNi, alloy transformed 
the structure from the distorted hexagonal 
actually orthorhombi« riCu, type to a true 
hexagonal structure having no apparent ordering. 
Further investigation revealed similar phases 
in other systems, as shown in Table IV-7. Be- 
cause of the resemblance to the epsilon phase 
reported by Raub* in the molybdenum-platinum 


system, these ternary phases are denoted epsi- 





lon 





nN ~ 
phases. 











From the data in Table IV-7, it is noted that: 


1. All nine ¢ pnases lie a jjacent to an LB 
compound of either the TiCu, type or the TiAl 


type. 





IATERIALS 


ratios fairly close to the ide 


2. All have 
value of 1.633. 


| Beha y of Niobtun An investi 
ion was made at Argonne’ of the intermetal 
compounds that exist in binary systems 
niobium with the transition elements. A c 
pound (NbAu,) was discovered, having the Al 
73 Ava 4.63 A, and 


0.59. In two binary systems (niobium-rheni 


type structure, 2. 


and niobium-osmium), a chi phase (@-mangan¢ 
structure) pre-empts the Laves phase at t 
NbRe, and NbOs, compositions. The two ¢ 
phases were studied in some detail, and latti 
parameters are given in Fig. IV-1, with rece 
data 
parison, 


yn niobium-rhenium by Knapton for co! 

























a), ANGSTROMS 
wo 
on 
@ 
ah 
' 
Zz 
co 
oO 
Pas 
S 
! 
D 
@ 








It was found that, in binary diagrams wl 


niobium was placed on the left, the phases oc 


from left to right in the following 








C . - Laves — chi (a-Mn) — cp hex 








int —- fc cube variant. No one system thus 
known contains all these phases, but the o1 
f occurrence is always followed. 

RP a We Refer es. The Offi 


Technical Services has published two exten 


bibliographies. One contains about 360 reli 


ences on molybdenum and tungsten mé¢ 


ulloys, carbides, and other compounds. 


contains about 240 references 
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same type of information for niobium and 3. There appears 

talum. y in the upper 
4 compilation of both binary and ternary these metals. 
ise diagrams of niobium, molybdenum, tanta- 4. A monotectoid 
n, and tungsten has been prepared by the 99 wt. scandium and 
fense Metals Information Center” at Battelle. miscibility loop exten 

(J. A. DeMastry scandium with a temperature 
1110°C at its maximum. 
Fuel-Cladding Reactions 


Hardness of Zirconium Alloys 
studies of high-temperature reactions be- 


tween various cladding materials and UO, and In the light of the interest in conve 
have been reported by Hanford.*® The fuel Vickers and Knoop hardness measu1 

weight changes during 10 min with various Knolls” has published hardness-« 
netals at 1000 and 1500°C are shcwn in Table curves in the 100 to 600 
IV-8. These data have only qualitative signifi- ness (DPH 
ince since they include no exact measurement Large standar 

ness scale are 

600 Knoop 


1 


piled i10aqd 


Diffusion Studies 


The extent of interdiffusion 
rier and base metals annealed 
been measured by metallographic exan 
microhardness tests, andelectron-p1 
analysis.’ liffusion coefficients 
termined, | it was concluded, on the 
minimum diffusion, that hafnium 
ire the most 
at 1700°C, with vanadium 
Iridium appears to be the best ch 
lum and molybdenum, with tantalun 
and molybdenum-hafinium dese 
the contact area between the specimen and 2 
; evaluation, It is reported 
metal. Metallographic examination of each é 
: melting of most of these « 
iding material (after heating) in contact with 
: recommendations coul 
revealed mixed carbides and fused base tal 
é pase metal. 
etal in all the higher temperature tests. 


; The electron-pr microanaly; 
tainless steel was the only material to react 
ci cea ietermine he composition 
reciably at 1000°C. A polished cross sec- 
: phases ccurrin in a 
showed a hemispherical reaction zone : 
tending 0.013 in. into the 0.015-in.-thick 


inless steel. J. A. DeMastry 


fusion couples at 1100 C 


+ 


Laboratory investigate l 
niobium-seleni 
nickel-tanta]l 


-inc. niobium-cobalt 
Zinc, n lum-Copail, 


andium-Titanium System ers 
molybdenum. It is reported that 


The following details of the scandium-titanium selenium and _  niobium-zin 

ise diagram as determined by Ames” aré somewhat alike in their phasé 
rted: that niobium-selenium exhibits 
A minimum in the solidus-liquidus curves ind NbSe,, whereas niobium-zin 

1295°C and 49 wt. scandium. NbZn, Nb,.Zn,, NbZn,, and NbZnz,. 

4. There is a solubility of about 5 wt.% 0 tween niobium and platinum tf 

h of the metals in the alpha form h NbPt,, and NbPt. and 

er at about 850°C. prolonged usé 
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contact with niobium at1100°C. The only phases 
produced in the niobium-cobalt system are 
previously unreported in the literature and are 
Nb.Co, and NbCo,. This system also exhibited 
an extended region containing about 5 wt.% nio- 
bium in cobalt, in agreement with the solubility 
limit shown in existing phase diagrams. Nickel- 
tantalum diffusion produced zones that showed 
strong cracking andgrainformation. The phases 
TaNi,, TaNi,, TaNi, and Ta,Ni, comprised the 
zones, with pure tantalum precipitating in the 
TaNi, phase on cooling from 1100 C. Iron- 
molybdenum produced only one phase, Mo,Fe 

Diffusion in the uranium-niobium system is 
being investigated at Massachusetts Institute of 
Technology,** using incremental couples at 10 
per cent intervals across the uranium-niovium 
binary system and temperatures from 800 C at 
the uranium-rich end to 1700°C at the niobium 
end of the binary system. The couples are being 
analyzed with an electron (microbeam) probe, 
but no results have yet been reported. Ap- 
parently, diffusion coefficients will be calcu- 
lated later in this study. In the field of inter- 
metallic diffusion, it should also be noted that 
a bibliography concerned with metal-metal dif- 
fusion has been issued by the French,” It 
covers the period from 1950 to 1960 and in- 
cludes 241 references. 

The self-diffusion of beta zirconium has been 
studied with the use of the Zr’ isotope by the 
French." The self-diffusion coefficients de- 
termined in the temperature range 900 to 1240 °C 
are represented by the equation 


D(em*/sec) = 4.2 x 10°” exp (—24,000/R7 






This is in fair agreement with a value refer- 


enced ina previous issue of Reaclor Core Ma 
ferials, which was also determined using the 
radioactive-tracer technique. The study of self- 
diffusion and bonding (sintering) of Zircaloy-2, 
which was reviewed previously under the topics 
of Diffusion Studies and Diffusion Bonding, has 
been continued at Bettis.’° The effect of hydro- 
gen on the diffusivity is discussed in the Dif- 
fusion Bonding section of this issue. 

Diffusion in metal-to-nonmetal systems is 
receiving increasing attention, and a number of 
reports have been issued describing research 
in this area, The diffusion coefficient of ura- 
nium in graphite at 1950°C has been deter- 
mined®® to be approximately 2 x 107’ cm?/sec. 
Experiments at General Atomic indicate that 





the phenomenon is complicated by the evapo: 
tion of small amounts of carbon from the su 


face of the specimens. Thermal diffusion 
ThO,-UO,-graphite compacts has also be 
studied and is discussed qualitatively by Ge 
eral Atomic workers in terms of the inten 
application. The diffusion coefficient for ber 
lium in BeO has been measured for a grou 


identical polycrystalline BeO samples, as well 


as in other types of BeO samples.” It 
letermined at Atomics International that t 


temperature dependence follows two straight 


lines on a log Dversus 1/7 graph, the lines 
intersecting at 1725°C. The lines correspo: 
to the equations 


1.37 exp (—91,900/R7 1550 to 1725°C 


1.1010 ° exp (-36,150/RT) 1725to 2000 
where D is in the usual units of cm‘/sec. How- 
ever, the diffusion coefficient at 1800 °C for 
this particular set of samples is about 40 times 
less than that reported previously for a different 
type of BeO. This variation in Dis not under- 
stood and does not correlate with any single 
material parameter; therefore the study is being 
continued. 

In a Russian paper,’' a study of the diffusion 
of silicon into niobium at 1100 to 1300°C is 
described. The diffusion zone produced at these 
temperatures is reported to be brittle and t 
‘onsist of three layers, NbSi,, Nb,Si,, and Nb,Si. 
Diffusion constants calculated for the NbSi 
phase, which had the most distinct boundaries 
are given in Table IV-9. 


— 





IV-9 DIFFUSION CONSTANTS FOR THI 


NIOBIUM-SILICON SYSTEM 





The mechanism of helium diffusion in i) 
radiated copper was studied at Harwell.” 
was found that helium diffuses from the narr‘ 
layer in which it is originally deposited a! 
precipitates asymmetrically into the materi 
that has been damaged by the passage of tl 





hi 


the 


ri 
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‘ident alpha particles. The investigators sug- 
st that the results can be best explained if 
» helium diffuses interstitially but is captured 


the numerous bubble nuclei that exist in the 


‘adiated material. Once out of solution, the 


helium is effectively trapped until very high 
temperatures are reached. A still further 
widening of the layer occurs at about 900°C, 
presumably because the helium escapes from 


the bubbles. 


(D. C. Carmichael) 
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Melting, Hot and Cold Working 


In studies at National Lead Company of Ohio 
letermine the effects of various types of 
uum-induction furnace charge materials on 

the yields and chemical purity of uranium feed 

stock, it was concluded that: (1) the hydrogen 
ynntent was higher in ingot meltedfrom charges 
ntaining more derby (as-reduced metal) mate- 
(2) oxygen, nitrogen, and carbon contents 
higher in the top than in the bottom of the 

3) crude ingot yields were lowest when 
harges were made up of pigots, briquettes 
mpacted machine chips), and derbies high 
in slag and oxide; (4) pigots in the charge were 
leleterious to ingot purity; and (5) degreased 

‘drip crop” (ingot tops) and dingot extrusion 

rap were deleterious to fabricated-fuel- 

element yields. 


Several review type articles concerned with 
tors of interest in the melting of high- 
perature or refractory metals were pub- 
ed recently. For example, Moss and 
hards* of the Armament Research and Devel- 
lent Establishment of England published a 


; 


istorical survey of various methods used for 
melting refractory metals. Included are 
liscussions of arc-melting processes and tech- 
ies in general, and multiple melting and 
semicontinuous casting in particular. Alloy 
segregation, ingot defects, and methods of 
rcoming these occurrences are also dis- 
sed. The authors conclude that the most 
sfactory method of producing homogeneous 
-purity ingots is to combine multiple melt- 
vith continuous casting. 
ie electron-beam-melting techniques con- 
to be of interest. Pecher”’ discusses some 
ie purification effects of melting a variety 
netals. Specifically he has presented data 
the effects of electron-beam melting, as 


SPECIAL FABRICATION TECHNIQUES 


compared with arc melting, on the interstitial 
contents of cobalt and hafnium, and on the 
mechanical properties of beryllium, hafnium, 
vanadium, tungsten, and niobium alloys, tanta- 
lum-tungsten alloys, and cobalt. 

In an article written in a similar vein, some 
of the metals and newer alloys used in less 
severe service between 1200 and 1800°F are 
discussed.‘ Included are some of the cobalt-, 
nickel-, and iron-base alloys in the technological 
transition area between development and produc- 
tion. Induction melting in vacuum and con- 
sumable-electrode arc melting in vacuum and 
under a flux are covered. 

In a report on the preparation of niobium- 
base alloys, Du Pont’ discusses the particular 
techniques that proved to be satisfactory in the 
preparation of 8-in.-diameter ingots. The objec- 
tive of the development reported on is the 
preparation of aircraft-quality 10-ft-long T sec- 
tions. Although the development is incomplete, 
4-in. billets of D-31 (niobium -— 10 wt.” titanium 
10 wt. molybdenum alloy) suitable for re 
extrusion to T sections have been prepared by 
the following technique. In the first melt a 6’ 
in.-diameter ingot is prepared by consumable- 
electrode vacuum arc melting. After a second 
melt by consumable-electrode vacuum arc melt- 
ing, an 8-in.-diameter ingot is produced. This 
ingot is surface conditioned, canned in mild 
steel, and extruded at a reduction ratio of 4 to 1 
with glass lubricant. 

Notable for its current interest is a recent 
survey of literature on the fabrication of molyb- 
lenum and molybdenum-base alloys by Lock- 
heed.°® This annotated bibliography cites rolling, 
forming, welding and brazing, riveting, shearing, 
and spinning references published since 1958. 

Zircaloy-2 continues to receive considerable 
attention in the areas of melting and fabrica- 
tion. Knolls’ reports the effect of melting 
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rocedures on the weldability, corrosion re- 


sistance, and stringer content; the Advanced 
Technology Laboratories (ATI reports infor- 
mation regarding the cold extrusion of heavy- 
Knolis tests 


vacuum-arc-melted, 


walled tubes. Data from _ the 
of double 
vacuum- and inert-atmosphere- (argon) arc- 


comparisons 
melted, and inert-atmosphere double-arc- 
melted materials) indicate that materials othe: 
than double vacuum-arc-melted Zircaloy-2 
procurement. 


should not be considered for } 
Zircaloy-2 has been successfully extruded at 
ATL at temperatures from room temperature 
to 400°C with reductions of 50, 65, and 80 
per cent. Although fabricators conclude that the 
cold extrusion of heavy-walled tubes is eco- 


nomical (if production volume is sufficient) 


and that the 


7 


production of thin-walled fuel 
containing tubes with integral end caps appears 
promising, complete evaluation of cold extru- 
sion must await more testing. Corrosion and 
Orientation tests indicated that the product was 
similar to hot-extruded material, but control of 
concentricity and surface finish of the tubes was 
ynly fair. E. L. Foster, Jr. 


Cladding 


Cladding by Rolling and Swaging 


Major interest this quarter was centered on 
swage cladding. One of the most significant 
advances was made in swage cladding with high- 
strength and refractory metals. Another inter- 
esting concept reported, although not a cladding 


process, is the forming of spiral and ribbon- 


candy fuel assemblies from as-rolled composite 
sheets. 
Millhollen’ has 


reactor proof and acceptance tests developed fo1 


made a series of out-oli- 


inspection of the Plutonium Recycle Test Reac- 
tor (PRTR) fuel assemblies. The fuel elements 
of Zircaloy- 


UO,. The tests were designed 


were 19-rod clusters clad swaged 
to inspect both 
the individual fuel rods and the final fuel-rod 
clusters. 

To determine whether hot swaging had any 
effect on hydrogen pickup in Zircaloy-4, several 
fuel rods were swaged both in air and under 
an argon blanket at Hanford, These rods 
were then corrosion tested and examined fo1 
hydride precipitation. It was concluded that there 
was no noticeable effect 
pickup. 


il Swaging on nyarogen 





The swage cladding f UO, with 
temperature mate rials''*’* is being investigat Sl 
The cladding materials of interest are Incone 
Hastelloy F, andtwo niobium alloys (Fansteel 
and -82), Samples containing —60-mesh fu 
UO, in Inconel X and Hastelloy F tubes 
been hot swaged in the temperature range 
850 to 1200°C with no cladding ruptures. Init 
attempts to swage Fansteel-80 were uns 
cessful because of induction coil temperat 
being made 
permit operation in the 1400 to 1600°C rangs 


limitations. Modifications are 


A U. S. patent on swaging wire fuel elem«e 
has been granted,'’ These fuel elements, ms 
uring as small as 0.035 in. in diameter, 
formed by encasing uranium rod ina Zircal 
sheath. This assembly was then coated 
MgO, BeO, or ZrO, and encased in a ste¢ 
tube. The entire assembly was then reduced t 
the desired diameter by 
900°C. 


moved. 


Swaging at s0{ 
Finally, the steel and oxide were rt tl 


Forming procedures for producing spiral 
ribbon-candy fuel elements from rolled c 
posite sheets are being investigated by Nucl 


Metals.'*~'* The spirals were formed by wr C 
ping the sheet around a circular mandrel 
Spacing was maintained by a series of dimples 
pressed into the fuel plate. Since there is Sif 
possibility that hot spots may develop in theses 
limples, a current investigation deals wit! is 
procedure whereby plates consisting of unfuel: 
areas for dimpling are rolled. le 


A ribbon-candy fuel element was also bein 
investigated as a potential fuel-element sub- 
assembly. The composite fuel plates were first 
bent to a 30 included angle. The plate sv 
brought parallel by pinching the bends 


pinch die. Spacing was maintained by dimp] 
the plates. H. D. Har z 
Pressure Bonding 

The term pressure bonding, yr isost 


bonding, refers to a process that involves 
use of gas pressure at an elevated tempe! 
ture. Materials to be bonded or compacted 
sealed in an evacuated container. The se: 
assembly is subjected to an external gas pr‘ 
sure at an elevated temperature. The process 
is essentially an ideal hot-pressing operat 
and has been effectively utilized for the bon 


and joining of reactor components and for 





sification of ceramic, cermet, and dispe: siderable cost savings 


n fuels, expensive machining and fabric: 


Preliminary exploratory studies were 
he simultaneous densification and cladding of ws . 


: : iluminum-copper and 
is being investigated at Battelle and _ cece ei 


y ry be ’ 
{7m . nents. Not 


Sylvania has completed work or r 


, iluminum 
low-cost fuel-element program and is pre 


intermeta 

ing a topical report. A similar program at 

; : ») Nave im} ied bonding. 
ttelle is being continued to fabricate stainless- +. 

; composites were then investigated beca 

el-clad specimens for irradiation testing in 
’ , . melting-temperature range approximate 
Vallecitos Boiling-Water Reactor (VBWR). ; , ain 


> a uranium and zirconium. Also, no interm 
iluation of GE and superactive type ceramic ' 

~ phases were expected with this binary 
xides is continuing. The best ceramic oxide , pe 
j — Bonding was achiev with these materials, 
vill be mixed in various proportions with ; 
it was found sary to melt only one 


A 


fused oxides to produce, after pressure bonding, ; 
p components. The us ( a flux was helpful in 

lensity of 98 per cent of the theoretical 7 ; " 
; ity preventing xidation at the molten interface; 


clean surfaces were necessary for the mating 
Other studies at Battelle have demonstrated surfaces to bond. The interface remains : 
that beryllium can be successfully joined by if one of the metals is held solid or ma 
gas-pressure bonding at 1500 to 1650°F and in the solid state. When both metals 


I interface, the steel erupts into 
the basic mechanism of pressure bonding. The Future bimetallic 


,000 psi for 4 hr. Also being investigated is at the 


casting studies 
prior history, crystal structure, surface rough- nium and zirconium are planned on 
ness, and efficiency of vacancy sinks are being the favorable results 

evaluated.* (E. S. Hodge) The metals will be melted in 


better-controlls nditions than 
- P 
Canning yusly been used 


Fuel-development studies for EBR 


A Belgian patent** describes the canning of a } t t A - 
= _ a . lave continued at Argonne.” revious 
) to 15 wt.“ UC or PuC fuel using a mixture of ; ; 

’ : gations have resulted in the uraniun 
SiC and silicon pressed onto the fuel rod as a 


— ; ' plutonium—10 wt.%o fissium alloy beings 
protective barrier layer. Several layers can be '  s 
‘ as the reference fuel. Materials being 
used to form a metallic bond with the fuel. : vate t] " : 
; sidered for cladding the fue are 

Another Belgian patent describes a _ fuel- ‘ ie ; 
steel, niobium, niobium—1 wt. 
element-cCanning operation in which a can is . : : 
ee Inconel X, and type 304 stainless steel. 
extrusion clad by passing it through a die that ; 
iorces the can into contact with the fuel. The 

nning material is first heated, and the entire 


ration requires aninert atmosphere. Bonding 


0.0005-in.-thick vanadium barrier layer isb 
used with the Inconel X and type 304 stainl 
steel specimens. Development work is n 
i way on the fabrication of tubing from the 
veen the can and element is achieved by the : ! 
—s ‘ mentioned cladding materials. 
of a liquid or solid phase introduced during 


: Twenty-one 2-in.-long pin specim 
extrusion operation. Fuel elements produced 

been jacketed and sodium bonded into ni 
ils manner show no change in size or shape > 
niobium—1 wt. zirconium alloy, 
Inconel X, and type 304L stainless-steel j 


vestigators at Worcester Polytechnic Insti- for irradiation testing. To prevent alph 


44) 


1 the original fuel and cladding dimensions. 


have been concerned with studies to deter- tamination of the jackets, a disposable 


the feasibility of cladding uranium with ethylene loading funnel was inserted 
nium by direct casting.*” The process would jacket tubes, and the plutonium-containing 
molten zirconium in contact with molten were dropped through this funnel ont 

uum throughout a thin interface. Solidifica- solid sodium at the bottom of the 
should then result in a metallurgical bond, sodium was melted, and end plugs w 

eby permitting fabrication by simply casting welded to the jacket materials. 

zirconium and uranium into appropriate Only one specimen required dec 

es. Such a process would represent a con- Leak detection was accomplishe 
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spectrometer method. X-ray and eddy-current 
inspection revealed an improper sodium level in 
two specimens, a displacement of the vanadium 
barrier foil in one specimen, and a bond void 
in another specimen. 

Studies in France*’ have been concerned with 
the use of sintered aluminum powder (SAP) as 
a canning material. There are three essential 
problems associated with this application fo1 
SAP material: (1) diffusion of fission products 
into SAP; (2) the appearance of postules and 
cracks from prolonged heating, giving rise to 
leakage paths; and (3) the implications for using 
SAP to supply all the mechanical support in a 
fuel element. 

The behavior of fuel elements in unsupported 
cans at a given temperature, when submitts 
to a uniform external pressure, is a criterion 
for selection. Only creep stresses are of con- 
cern in an unsupported fuel can because there 
would be no bond between fuel and cladding to 
produce thermal stresses. Creep data for SAP 
material between 400 and 500 C indicate that its 
creep strength is comparable to that of beryl- 
lium. (E. G. Smith 


Nonelectrolytic Chemical-Plating Techniques 


A British patent describes the formation of 
protective metallic coatings for chromium- 
plated uranium by immersion in molten alu- 
minum, aluminum-— 12 wt.% silicon, zinc—1 wt. 
aluminum, or zinc—5 wt.% aluminum, with or 
without flux. The formation of WSi, coatings on 
tungsten by immersion in molten copper- silicon 
alloy, by pack siliconizing, and by hydrogen 
reduction of SiCl, was investigated.*'’"” Similar 
immersion coatings also can be produced on 
molybdenum.** Effort is being made to improve 
a current commercial pack process for forming 
proprietary protective coatings on molybde- 
num,” 

Epitaxial films of silicon of controlled thick- 
ness and electronic behavior can be grown on 
single-crystal silicon substrates at 1270°C by 
hydrogen reduction of SiC], to which appropriate 
amounts of PCl, or BBr, have beenadded.,”’ 

A general treatment of an iodide chemical- 
vapor-deposition process for metal refining was 
presented in which the complex relations among 
the various parameters involved in the process 
were demonstrated.” This development permits 
correlation of metal yield, duration of run, 
deposition rate, and power losses inclosed-cycle 








Van Arkel—de Boer systems for which 


change in dimensions of the deposition surf 


as a result of metal deposition, significa 


affects the diffusion path between deposit 


feed and the heat loss from the depositi 


surface. 


Methods used to purify MoCl,. for subsequs 


use in chemical-vapor deposition of molybde 
were described.’’ Work was continued on 


formation of vapor-depositec tungsten coat 


T 
hu 


al 


on refractory nonmetallic substrates (e. 


BeO 
The deposition of pyrolytic graphite at 24( 
from an atmosphere containing 5 per 


)( 


CE 


methane was recently investigated.’’ Expe: 


mental evidence was presented by Diefendorf 


indicating the relative importance of the 
phase and surface reactions as well as 


+ 


influence of the substrate on the deposition 


pyrolytic graphite. Modification of the pro, 
ties of pyrolytic graphite by the additio 
metal alloying elements can be accomplishe 
vapor-deposition techniques. Hirt and 


{ 


mer’ have reported that very pure C.O 


low concentration in pure helium carrie: 


decomposes at a useful rate at temperatures 


between 600 and 800°C to produce a tenac 


and hard polycrystalline carbon film ona glaze 
porcelain surface. Other research present 
recently deals with the deposition of pyrolyti 


carbon on heated graphite rods and in the pores 
6d, 


of bonded and unbonded carbon powders. 


e! 


n 


I ) 


lt 


Conditions for the deposition of stoichiomet: 


TaC, NbC, and HfC coatings from hal 


methane atmospheres were established by Hi 


1d 


lemperature Materials.*’**® The Kno yp hardne 
if stoichiometric NbC is 2600 to 2800, wheres 


that of HfC is 2700 to 2900. 

A U. S. Patent’’ was issued describing « 
litions for the formation of carbide coating 
graphite by chemical-vapor deposition. 

(E. M. Sherw 


Electroplating 


In a study of diffusion-bonding processes 


fabricating PWR plate type fuel elements, ch 
ical displacement (immersion) coatings 
Zircaloy were investigated at Bettis.‘ 


t 


continuity of adherent displacement coatings 


copper was greatly improved by high agitati 


rates, which also accelerated plating rate 


Surface smoothness had less influence on 
continuity of the coating when specimens 


Wwe 


t 


é 
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idly agitated or when the solution was 
ped at high speed over the specimen sur- 
s. Uniform deposits of 0.15 and 0.2 mil 
e produced in 8 and 10 min, respectively, 
ypper nitrate—hydrofluoric acid solutions. 
\lthough displacement coatings of iron were 
proved in continuity, adherence, and uni- 
formity by introducing rapid agitation and by 
udding sodium acetate to the ferric chloride 
hydrochloric acid solutions, adherence and con- 
tinuity were not so good as they were for the 
copper coatings. Composites of copper and 
iron were judged satisfactory, but copper-tin 
‘omposites were poorly adherent. 

During research at Battelle,'® electroplating 
facilitated joining operations for thorium and 
uranium. Thorium was successfully joined to 
thorium and uranium by soldering after electro- 
plating with nickel, copper, and tin. Uranium 
was joined to uranium by silver brazing after 
plating with nickel and copper, but brazing tem- 
peratures (<1100°F) caused bond failures be- 
tween nickel and thorium when electroplated 
thorium was joined by silver brazing. Neither 
soldered nor brazed joints imposed galvanic 
‘ouples that affected corrosion resistance ad- 
versely.”° 

Electrodeposits of thorium and neptunium 
m aluminum were reported by Russian re- 
searchers.*' In a solution of thorium nitrate, 
water, and ethyl alcohol, layers of Th*®® and 
Np**? with a thickness of 1 mg/cm? (30 jin. 
for thorium) or more were obtained by ‘ 
peated electrolytic deposition.” 


‘re- 
The deposition 
rate was favored by high current densities and 
high concentrations of thorium nitrate. No 
ray or other data were offered to show that 
deposits were metallic, although metal 

le deposits are a possibility. 
4n account” of the improvement in accuracy 
life that is obtained by chromium plating 
-velocity gun barrels summarizes the re- 
of an engineering study that produced 
rmation useful in the conduct of any investi- 
n of electroplating for improving the surface 
erties of engineering materials. Unlike 
investigations, the Bureau of Standards 
irchers utilized previously known data on 
roperties of chromium plate to demonstrate 
num plating conditions for maximum per- 
1ance. Desirable and undesirable properties 
ifferent kinds of chromium plate and their 
t on gun-tube performance were taken into 
unt at an early stage in the investigation. 


ATION TE! 


HNIQUES 


rhis rudimentary, but important, procedurs 
too often bypassed in the conduct of othe: 
research investigations. 

Two new bibliographies on electroplating 
references have been compiled. One bibliog- 
raphy*® on chromium and nickel electroplating 
contains 461 references for the period from 
1955 to 1959. The other includes 400 references 
during the period of 1950 to 1960 on metal 
coatings.** (W. H. Safranek 


Ceramic Coatings 


In a program to develop plate type UO, fuel 
elements using plasma-jet spraying techniques, 
ATL* has applied coatings of calcium-stabilized 
zirconia and UO,. Coatings of the latter, having 
87 per cent of the theoretical density and 
oxygen-to-uranium ratios of nearly 2.00, have 
been deposited regularly with efficiencies of 
about 40 per cent. To date, the best results 
200 + 325-mesh fused 
UO,. A major problem is the preparation of the 
substrate. Various techniques are being tried. 

(B. W. King 


have been obtained with 


Welding and Brazing 


The current status of mechanical joining and 
welding was appraised by a Materials Advisory 
Board subpanel assigned the subject of joining 
refractory sheet metals.** Specific comments 
related to various joining processes and to the 
joining of specific types of materials are dis- 
cussed. The materials covered are molybdenum 
and its alloys, tungsten, niobium alloys, and 
tantalum and its alloys. Four specific recom- 
mendations are presented in the report: (1) t 
support a program to define laboratory me 
chanical tests suitable for simulating various 
severities of service that refractory-metal 
joints must sustain; (2) to include in future 
alloy-development programs a minimum- 
weldability test at a much earlier stage in the 
alloy-development program (the minimum 
weidability test suggested is a longitudinal-weld 
tensile specimen); (3) a study of brazing o1 
braze-welding techniques in which high-remelt- 
temperature development would be emphasized; 
4) a basic study to evaluate joining processes 
that involve the composite use of pressure, 
time, temperature, and relative movement. 

An Air Force-supported program to investl 
rate the physical metallurgy of joining tungsten 











and niobium at General Electric is continuing.” 
Recent work has included studies of fusion 
welding of tungsten, the physical metallurgy of 
welds in tungsten and tungsten-base alloys, and 
the brazing of niobium and tungsten. Further 
studies have been made of the welding charac- 
teristics of powder-metallurgy and electron- 
beam-melted tungsten sheet. Welds have been 
made by the inert-gas-shielded tungsten-arc 
process and by the electron-beam process. 
These studies have confirmed that the removal 
of weld surfaces increases the ductility of 
tungsten weld joints. Electron-beam welds made 
on powder-metallurgy tungsten sheet have shown 
considerable gas evolution. This gas evolution 
leads to porosity in the weld metal. Effort 
in the physical-metallurgy field has been con- 
centrated on studies of the deformation proper- 
ties of electron-beam-melted and powder- 
metallurgy sheet, fracture mechanisms in arc 
weldments, and the recrystallization and grain- 
growth characteristics of several dilute tungsten 
alloys. The brittle-ductile bend transition tem- 
perature of both types of sheet in the recrystal- 
lized condition occurs in the range of 200 to 
225°C. Weldments made in powder-metallurgy 
sheet have a bend transition temperature about 
25 to 50°C higher than that of the recrys- 
tallized material. Of the various alloy additions 
that have been evaluated, an addition of 0.03 
per cent boron has proved to be effective in 
retarding grain growth. 


The brazing studies to date have been con- 
cerned primarily with a screening evaluation of 
various potential alloys. Alloys with melting 
ranges of 2100 to 2500°F for use on niobium or 
niobium alloys have been identified. Other 
alloys with melting ranges between 3000 and 
3500° F have been identified for brazing niobium 
alloys such as F-48. Definite selection of the 
best brazing alloys to be used in more extensive 
studies has not been made as yet. 


A “cold-wall” vacuum furnace utilizing tanta- 
lum heating elements is being used to develop 
brazing materials and procedures for refractory 
metals.*® The furnace has a work space equal to 
a 1-ft cube and is capable of attaining tem- 
peratures as high as 4500°F. No ceramics or 
nonmetallic materials that get hot are used in 
the chamber. Consequently the low pressure 
necessary (1=«107° mm Hg) for the 4500 F 
operating temperature can be maintained. Tem- 
perature measurement is by tungsten-rhenium 





thermocouple insulated with beryllium oxi 
and sheathed with tantalum. Several niobi 
alloys, have been studied in conjunction vy 
several brazing alloys. Most of the work was 
the niobium—33 wt.% tantalum—0.7 wt.’ ; 
conium alloy. The following five brazing mat 
rials were studied: 


wt.% platinu 10 wt.% iridiu 


ylatinun 10 wt."> rhodiu 


All these materials work well, with th 
exception of the 90 wt.% platinum—10 wt, 
rhodium alloy, which erodes seriously 
produces brittle joints. Pure titanium gave the 
best results as a brazing filler metal for usé 
with the niobium—33 wt.% tantalum—0.7 wt. 
zirconium alloy. It produced a strong ductile 
joint, but some base-metal solid-solution al- 
loying between the titanium and the niobium- 
base parent metal did occur. Shear strengt 
of lap joints having an area of 0.08 sq in. 
brazed with titanium at 3300°F ranged down- 
ward from about 7000 psi at room temperature 
to 1000 psi at 2600° F and 300 psiat 3000 F. 

Two bibliographies covering ultrasonic wel 
ing literature were recently published.*”*?" The 
bibliography prepared by Lockheed’ is annotate 
and covers 58 references from the unclassifis 
literature for the period from 1958 to 1960. 

(R. E. Monr 


Explosive Forming 


A paper describing a technique developed f 
compacting metal powders by the use of deto- 
nating explosives has been prepared 
Montgomery and Thomas.” Several metal po' 
ders, including W-titanium (a granular titanit 
obtained by the sodium reduction proces: 
aluminum, copper, iron, and steel, have be 
compacted during their experimentation. The 
metal powders were compacted by placing the 
powder in a waterproofed thin-walled alumin 
tube, wrapping a continuous spiral of Cordat 
detonating fuse around the aluminum containe 
immersing the container and charge ina suital 
water bath, and detonating the charge. In ths 


manner the powders were successfully cor 


i into cylindrical type shapes as large as 
in diameter and up to 20 in. long. 
wonal and fluted cross-section cylinders 
also successfully compacted. A study is 
being conducted to include the explosive 
paction of nonmetals such as graphite and to 
ify the technique to permit the compaction 
tubular shapes. 
ible V-1 gives some of the results obtained 
ing this investigation. Note that the explo- 
ly compacted densities were near theoretical 
nost cases. During this testing, it was also 
that effective compaction was related to 
initial particle size of the metal powders. 


COMPACTING OF 





metal 
powder, 





The basic principles for the explosive com- 
paction of metal powders have been established 
luring this investigation; however, additional 
levelopment will be required before the maxi- 

im potential of the process can be applied 

iny specific use in powder metallurgy. It is 
unlikely that explosive compaction will ever 
replace mechanical methods of powder compac- 
in areas in which satisfactory results 
presently being obtained; however, in cases 
re mechanical methods are not adequate, 
ives may prove to be a very useful 
. The principal advantage of explosive com- 
tion is that much greater pressures are 
available for compaction than are ob- 
ble by conventional mechanical methods. 
process may thus find considerable ap- 
tion in the compaction of rare metals 
their alloys. 

report describing the explosive-forming 

ess has been prepared by Polhemus. 


leformation process that takes place during 


sive forming is described in terms of slip. 
types of explosives and the forms in which 


ire available, as well as the uses of explo- 


Sive metalworking, 


\ 
also been prepared by 
variables involved in explosive 
materials and shapes formed, 
lurgical and dimensional aspects 
are discussed. The theories describin 


mechanism of explosive forming and 
plosive metalworking operations, sucl 
ening, welding, and powder ci 
also reported. 

Research is being conducte 


the compaction of Ut 


impact with a Dynapak machine. Experim 
have been conducted for the purpose of simul- 
taneously defining the roles of temperature, 
pressure, and oxygen-to-uranium ratio 

impaction of UOs. 


oxygen-to-uranium ratios of these specimens 


high-energy Densities and 
have been determined. Preliminary 
are as follows: 

1. In the 1900 to 1200°C temperature 
at 500,000 psi, temperature has very little effect; 
however, aS pressures are decreased and 
oxygen-to-uranium ratios are increased, highe1 
temperatures tend to result in higher densities. 

2. Greater initial oxygen-to-uranium ratios 
in the oxygen-to-uranium ratio range of 2.01 
to 2.26) result in greater UO, density. 

3. The pressure requirement for compacting 
uranium dioxide to =99 per cent of the theo- 
retical density may be as low as 400,000 psi. 
This may be accomplished unde 
conditions of temperature and 
uranium ratio in a conventional 
using a carbide punch instead 
complicated, modified Bridgman 
ratus. 








Electrodeposited UO 
mately —28 +48 mesh have been compacted by 


crystals of approxi- 


high-energy impact at 1100°C and 500,000 psi 
to 10.88 g/cm” (99.2 per cent of the theoretical 


density). Photomicrographs and electron micro- 


graphs of the compacte UO, revealed that 


extensive plastic. deformation of the crystals 
had occurred, 
Micronized UO. 
UO,—0.1 wt. TiO, have been high-energy 
impacted at 1100°C and 500,000 psi to densities 
of 97.3 and 97.8 per cent of the theoretical 


density, respectively. Photomicrographs of the 


0.5 wt.“ TiO. and micronized 


compacted UO, revealed that no reaction, such 
as the formation of a liquid eutectic phase 
that lowers the sintering temperature of these 
mixtures, had occurred between the TiO, and 
UO>,. 

Thoria, alumina, and a 50 wt.% ThO,—A1,0 
mixture were compacted by high-energy impact 
at 1200°C and 500,000 psi to densities of 9.59 
g/cm” (95.9 per cent of the theoretical density), 
3.37 g/cm” (84.9 per cent of the theoretical 
density), and 6.33 g/cm” (90.0 per cent of the 
theoretical density), respectively. 

Uranium monocarbide, fused and crushed to 

6 mesh, has also been compacted by high- 
energy impact at 1200°C and 500,000 psi toa 
machinable solid possessing a density of 13.28 
g/cm” (97.4 per cent of the theoretical density). 

The design, operation, capabilities, and limi- 
tations of the pneumatically actuated Dynapak 
machine are described in a report prepared by 
Reimann.™ The report contains a detailed de- 
scription of the operational features of the 
Dynapak, with particular emphasis on the func- 
tional relation of components during the firing 
cycle. A general comparison is made between 
standard high-energy equipment and the high- 
energy-rate Dynapak. The application of basic 
extrusion theory to high-energy-rate extrusion 
also is described, Particular emphasis is placed 
on the energy requirements necessary to ex- 
trude a given volume of material at various 
reduction ratios and on the conditions that 


produce inertial separation. C. C. Simons 


Nondestructive Testing 


Ultrasonic Techniques 


Many factors complicate the establishment of 
acceptance standards for ultrasonic nondestruc- 


tive testing 





NDT). The work of Sinclair and 


Nanda at the Electric Boat Company”’ to deve] 
tentative acceptance standards for butt wel 
ments-in ship plate which would be appro 
mately equivalent to the standards establis! 
by radiographic inspection demonstrated t 
fact. An ultrasonic standard sensitive enoug! 
reject cracks of the size rejectedby radiogra, 
was not sensitive enough to reject equally obje 
tionable inclusions and porosity. Sinclair 
Nanda used a °*,-in.-diameter, 2.25-Mc, 
angle-beam search unit. The instrume: 
sensitivity and flaw-acceptance levels were « 
tablished with reference to a /g-in.-diamet 
by ',-in.-deep hole in a 1l-in.-thick HY 
(80,000-psi yield strength) steel plate. Ti 
could not establish separate standards for e 
type of defect because it was impossible to 
termine with confidence the type of flaw f: 
the pattern of the ultrasonic signal. 

Oak Ridge” 
method of inspecting for nonbond areas in duplex 


is using a through-transmissi 


tubing, consisting of an inner niobium tube a! 
an outer stainless-steel tube bonded together 
with copper. Two probes have been construct¢ 
to evaluate two sizes of tubing: 0.250 and 0.315 
in. in inside diameter. The probes consist of an 
ID transmitting crystal and an outside collimated 
receiving crystal in fixed reference to ea 
other. A “B”-scan presentation of the circum- 
ference of the tube is used to simplify interpre- 
tation. The tube is rotated as the probes 
moved longitudinally. Through transmission is 
not a new method of detecting nonbonded areas, 
but successfully applying the method to su 
small tubing as 0.250 in. in inside diamete! 
in the manner described is an achievement. 
Also, Oak Ridge” has successfully used t 
“ringing” technique to evaluate “can’’-to-coppe! 
braze of a four-disk test section in which the 
can thickness seemed to be uniiorm. Very g 
correlation existed between indications of n 


bond by ringing and destructive-test data. This 


technique is expected to be used in a full-s¢ 
boiler prototype. 

Surface waves may be useful for detecting 
bond defects in ceramic coatings if the elastl 
properties of the coatings are not too diffe! 
from the substrate, according to Armour |! 
search. However, poor results were obtal 
using this method with zirconium oxide coati 

Armour’s”' intermodulation method of dete 
ing bond defects appears to be promising. 
this method a low-frequency continuous v 


approximately 14 kc) and a high-frequ 


tinuous wave (5 to 10 Mc) are transmitted 
direction normal to the bond area. If the 
mic-metal bond is defective in the region 
rsected by the high-frequency beam, the 
trical output voltage is modulated at the 
juency of the bond stress. The percentage 
modulation, rather than the amplitude of the 
eived signal, is used as indication of de- 
tive bonding. Thus variations in coupling 
mally encountered in scanning large areas 
| not mask variations due to defects. 
The measurement of acoustic properties of 
lid-suspensoid systems is of interest in the 
field of nondestructive testing. Slurry- and 
gaseous-suspensoid core blanket and heat- 
transfer media present problems of settling, 
particle fracture, and agglomeration leading to 
perating problems involving fouling of heat- 
transfer surfaces, erosion of pump and valving 
equipment at elevated flow, and uncertainty 
ncerning the concentration and form of the 
fuel in the core region. Aeroprojects” has been 
using a standing-wave-ratio method, which indi- 
es changes in acoustic impedance, to deter- 
mine concentrations of nickel-powder— water 
slurries. Although, supposedly, the method 
should be sensitive to concentrations of 3- 
nickel particles as low as 300 g/liter, Aero- 
projects has been able to detect concentrations 
nly 1000 g/liter because of noise believed 
be due to excess gas in the slurry and to 
interaction between their 20-kc source and the 
walls of the container. 
Because an increase both in particle size 
in concentration leads to increases in 
impedance ratios, poor discrimination has been 
btained between the two. Methods of improving 
iscrimination under study are (1) lowering the 
irequency to obtain measurements sensitive only 
oncentration and (2) seeking a relation 
een the velocity of sound and the concentra- 
In a measurement of the resonance fre- 
‘'y of the acoustic system between 800 and 
liter, the frequency changed about 200 
s per 100 g/liter. Temperature effects 
not reported. (D. Ensminger) 


Magnetic, Eddy-Current, 
and Other NDT Techniques 


ensitive magnetic test’’ has been developed 
ie detection of iron particles in fuel pow- 
After the particles are magnetized in a 

magnetic field, which aligns their mag- 


netic 

magne 
yt the 
streng 


| 
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las detected 


xes, they 

tic field me 
type of me 
th involved. 


ire letecte 


‘ter. No 
ter us¢ 
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r the le. 


However, the labor 


: | 7 . . ) 
less than 200 ppm 


vp 


particles in samples of production, 


\ unique method”’ for detecting dis« 


in chromium plate on boron stainl 


~~ 
itage 


the ( 
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remov 


Hom 


An att 
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ypper will 


ss steel. T 
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made 


per sulfate— sul 


selectively plate on 


he results of the test 


indication on a 


The test is extremely sensitive 


he hairline 


plate. Af 
ed by a brie 


€ investig: 


cracks 


that are 


ter inspection, the 


f rinse in mild nitric 


itors ofl 


chromium 


indicate that eddy-current tests are 


the measurement of plate thickness. 


that it can be measured to the nearest 0.000 l. 
of + 0.00002 in. The question: 


with a 


that al 


staten 


precision 
Ways arise, 


1ent relate 


if course, in such asweeping 


i 


to whether this holds true for 


all chromium plating or whether the base mate- 


rial 


yntributes to the success ofthis particulaz 


ipplication. No clarifying data were given, 


, £3) 59 a = 
A fiber optic camera” has been successfully 


applied to the inspection of channels in cor 


mh] 
assemobiies.,. 


blanke 
liffere 


shown that 


The pictures taken by the came 


interpretable results can 


i from all channels in the core. A 


highlighting from t 


t plates is 


nt in char: 


I 


1e rib pattern 


still evident, it is sufficiently 


acter from the appearance of 


yrrosion products that it is readily interpreted. 


The 


lefect 


old problem of attempting to fabricate 


s that will 


provide meaningful data for 


evaluating and calibrating nondestructive- 


testing equipment is being discussed and con- 


siaere 


sd by many people. One group’” has made 


irrangements with a vendor to fabricate arti- 


ficial 
are b 
drillex 


notche 


These samples will be 


troma 
certal 


be ne 


defects in 
eing made 


1 holes, dee 


Inconel tubing. These defects 


in redraw stock by inflicting 


p scratches, gouges, and 


Ss prior to the final drawing 


genetic and 


used to evaluate elec- 


ultrasonic methods. 


nly a step in the right direction. 


-cessary, 


correlation between these 


those 


occurring 


naturally 


of course, to provide s 


fabricated defects 


in the Inconel tubing. 





Electromagnetic 


indicated a c 
“noise” that apparently 
tion of this techniqus 


with the Radac 


‘Oomagnetic 
‘al evalua- 
lefects. Tests 


Magnetic 


Analysis 


Single Frequency Tester have shown that, al- 


though the 


Ssensltive to 


electromagnetic 


but 


minor tube-wall 


tinue to pr duce le 


vestigators doubt that 
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ables as localized 


be filtered out. 
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